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A NEW ANALYSIS OP THE CYLINDER PERFORMANCE 

OP RECIPROCATING ENGINES 

Introduction 

Preliminary. — ^The cylinder performance of a reciprocating 
engine using an elastic fluid for the working medium may be con- 
sidered from two points of view: (1) the performance as a heat 
engine, or the efficiency of transformation of the available heat 
into indicated work; and (2) as a mechanism, or the measure of 
perfection attained in the distribution of the working fluid, and 
in preventing its leakage past the valves, piston, or piston rods. 

Our knowledge of cylinder performance is obtained almost 
entirely from indicator diagrams. These diagrams provide a 
measure of the work performed in one cycle of operation, thus 
giving a means for determining what proportion of the heat avail- 
able has been transformed into work, this proportion being ex- 
pressed as a thermal, potential or other efficiency. 

The results of methods used at present in the analysis of cyl- 
inder performance may be divided into two classes: (1) those 
which are relatively exact and satisfactory; and (2) those which 
are relatively inexact and unsatisfactory. Under these two 
headings the following results may be enumerated: 

Class 1. 

1. Indicated work. 

2. Aid in valve setting. 

3. Rough location of cyclic events. • 

4. Hirn's analysis for steam cylinders. 

5. Measure of initial condensation in steam cylinders. 

6. Detection of leakage, if very large, during expansion or 
compression of any elastic medium. 

7. Measure of the diagram factor for the purposes of design. 

Class 2. 

1. Accurate approximation of clearance volume from all cyl- 
inders using elastic media. 

2. Close location of cyclic events. 

3. Reliable detection and approximation of moderate leak- 
age with the engine in regular operation. 

4. Measure of the actual steam consumption from steam 
diagrams. 
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5. Separation of the initial condensation and leakage in 
steam cylinders. 

6. Division of feed between the two ends of a steam cylinder 
for the application of Hirn's analysis. 

It has generally been thought by engineers that a satisfac- 
tory solution of these last- mentioned problems is impossible be- 
cause the indicator diagram has not been supposed to contain in 
itself the evidence necessary for their solution. 

The investigation described in this bulletin is the result of 
an extensive analytical and experimental study of the forms of 
the expansion and compression curves which occur in indicator 
diagrams. The analytical study was carried on by means of 
transferring the indicator diagram to logarithmic cross-section 
paper and then drawing a figure which will be called the loga- 
rithmic diagram. 

It is well-known that the equation of the polytropic curve 
PV'* = C becomes a straight line when plotted on logarithmic 
cross-section paper. Conversely, when the expansion or com- 
pression curve of an indicator diagram becomes a straight line in 
the logarithmic diagram, the curve is of the form PF* = C, the 
value of n being the slope of the line. 

By means of the logarithmic diagram, it has been found that, 
free from certain abnormal influences, expansion or compression 
of an elastic medium takes place in the cylinders of reciprocating 
engines substantially according to the law PF** = C. 

From the fact that the law PV^ — C holds for expansion 
and compression curves from practice, there have been developed 
rational methods of approximating the clearance volume, of 
closely locating the cyclic events, and of detecting moderate leak- 
age when the engine is in regular operation. These methods ap- 
ply, however, only to those indicator diagrams which are taken 
from the cylinders of reciprocating engines using any elastic fluid 
for the working medium and having, as a part of the cycle, an 
expansion or compression of the medium. 

It has been discovered that the value of n for the expansion 
curves of steam diagrams bears a definite relation in any given 
cylinder to the proportion of the total weight of steam mixture 
which was present as steam at cut-off. This proportion or 
quality will be called Xc in this investigation, and its value will be 
expressed in parts of unity. The relation of the value of n to the 
value of Xc for the same class of cylinder as regards jacketing has 
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been found to be practically independent of engine speed and of 
cylinder size. 

The practical significance of finding this relation is that there 
is now available an accurate method of approximating the value 
of Xe and therefore the actual weight of steam and water present 
at cut-off from the indicator diagram alone. As a result, a new 
analysis of cylinder performance has been developed. 

Acknowledgments, — Acknowledgment of valuable assistance is 
made to Dean W. P. M. Goss, Professor G. A. Goodenough 
Professor O. A. Leutwiler, Mr. C. M. Garland, to Purdue Univer- 
sity, and to various firms which furnished indicator diagrams and 
tests for analysis. 

Part I. The Approximation op the Actual Steam 
Consumption From Indicator Diagrams 

I. Preliminary Work 

1. Study of Indicator Diagrams. — The preliminary work con- 
sisted of an examinacion of the nature and form of the expansion and 
compression curves of the indicator diagrams from a number of 
steam engines. This work was accomplished by means of trans- 
ferring the indicator or /^P'-diagram to logarithmic cross- section 
paper, and thus drawing a figure which will be called the log- 
arithmic diagram. It was found, after repeated experiments, 
(see p. 55) that free from certain abnormal influences, expan- 
sion or compression of steam takes place in cylinders substanti- 
ally according to the law, PV^ = C, The values of n which were 
obtained, however, exhibited a large range of variation, the 
range being from 0.70 to 1.34. The engines from which the 
values were obtained differed in type, size, speed, steam pres- 
sure, ratio of expansion and back pressure. Obviously, com- 
parisons could not be made of these examples because of the 
number and magnitude of the variables. 

Indicator diagrams taken from the same cylinder, with dif- 
ferent cutoff positions, showed that the value of n was higher as 
the cutoff was lengthened. There was a large variation in the 
value of n where the conditions of cylinder size, speed, steam 
pressure, and steam distribution were the same. The only variable 
shown by the diagrams was the length of the cut* off. It was 
thought that there might be some relation, in any one cylinder, 
between the value of n for the expansion curve and the quality of 
the steam mixture at cut-off, as this quality was known to be 
higher as the length of cut-off increased. One fact that seemed to 
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confirm this hypothesis was that with superheated steam (under 
the same general conditions, except thekindof steam used), when 
the quality at cut-off was high, the value of n for expansion was 
always much higher than with saturated steam. The only im- 
portant variable between the use of saturated and superheated 
steam to account for the change in the value of n was the quality 
of the steam mixture at cut-off, or the proportion of the total 
weight of mixture in the cylinder which was present as steam at 
cut-off. This quality or proportion will be called Xc in this in- 
vestigation, and its value will be expressed as decimal parts of 1. 
All cases examined of engines using superheated steam at 
normal cut-off showed n to be higher than 1.0, and as high as 
1.34; and all cases of small engines using saturated steam showed 
n to be lower than 1.0 and as low as 0.70. These facts led to the 
conclusion that the value of Xc was the most important single fac- 
tor in the accompanying value of n. Tests were, therefore, 
planned in which the effort was made to vary the value of Xc be- 
tween the widest practicable limits. 

II. Laboratory Tests 

2. Equipment, — A single-cylinder long-range cut-off, 12 in. 
X 24 in. -Corliss engine, located in the Mechanical Engineering 
Laboratory of the University of Illinois, was selected for the 
tests. A Corliss engine was selected because of the fact that 
in this type all the steam used passed through the cylinder. 

3. Plan of Teats, — It was planned to observe the effect upon 
the value of n of varying the value otxc under different conditions 
of pressure and speed. The value of Xc was varied through a 
large range by the use of saturated and superheated steam, in 
conjunction with different lengths of cut-off, under the same con- 
ditions of pressure and speed. The values of Xc obtained ranged 
from 0.413 to 0.943, covering the range usually found in practice 
with the type of engine used. 

The values of n for the expansion curves were obtained by 
means of the logarithmic diagram (see Appendix 1). The value of 
Qcc given in the log is the average of the results obtained from one 
set of head-end and crank-end diagrams for each test. The unit of 
measurement, therefore, was the revolution, as the values of Xc for 
the head and crank-ends cannot be measured separately when one 
exhaust pipe is used for both ends of the cylinder. The value of n 
given for one test is the average of the separate values from the 
expansion curves of the head-end and crank-end diagrams, taken 
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from the set of diagrams already mentioned. 

4. Number of Tests. — Seventy five tests in 16 series were run. 
Of this number, 60 tests in 14 series were selected as fulfilling 
the requirements decided upon to give reliable data. Each series 
consisted of 4 to 5 separate tests, differing from each other only 
in the length of cut-off, with the same conditions of pressure and 
speed. All tests were run with the steam exhausting from the 
cylinder at about atmospheric pressure into a surface condenser. 
The length of cut-off was varied in nearly uniform steps from 
about 5 per cent to 45 per cent of the length of the stroke, and was 
the means of varying the value of Xc when using either saturated 
or superheated steam. 

The 14 series were divided into 2 divisions of 7 series each; 
one division being run with saturated steam, and the other with 
steam superheated to 500° P. at the superheater. Each division 
consisted of 5 series run at different gauge pressures at constant 
speed, and 2 series run at different speeds with constant pressure. 
The steam pressures used were 57.5, 76.5, 95, 113, and 132 lb. gauge 
with the engine running at 120 r. p. m. The other speeds employed 
were 90 r. p. m. and 150 r. p. m. at the gauge pressure of 1131b. 
Each division, therefore, gave the effect of the use of 5 steam pres- 
sures at constant speed, and 3 speeds at constant pressure. 

The governor change-speed device was always set to give 
the desired speed with the engine running at no- load. As the load 
was increased, the speed decreased through the action of the 
governor in about the same proportion for all initial speeds. 
Whenever speed is mentioned, the no-load speed is the one re- 
ferred to, the exact speed for any one test being given in the 
general log. 

The general log of the 29 tests run with saturated steam is 
given in Table 1. Table 2 contains the results of the 31 tests 
run with superheated steam. Table 3 gives the averages of simi- 
lar series, called groups, run at the same pressure and speed, 
with both saturated and superheated steam. For any one group 
of the two series of tests, as has already been pointed out, the only 
variables are the length of cut-off, and the value of Xc. 

1, Values ofn obtained under different conditions frmn the same 
engine cylinder. — All the simultaneous values of Xc and n obtained 
from the 60 tests were plotted in Pig. 1. A study of this figure 
shows beyond question that as Xc increases in value, n increases 
also. The values all lie in a region which has a definite trend to- 
wards higher simultaneous values of Xc and n. Observing the 
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general trend, it is seen that there is no exception to this general 
relation. No value of n below 1.00, for instance, is found for 
values of Xc above 0.80, and no value of n above 1.10 is found for 
values of Xc below 0. 72. 
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FiQ. 1. General Relations Between Quality at Cut-opf and the Value of n 

FOti VABIOUS PREHSUBEa AND SPEEDS 

It is also apparent that the points with long cut-off, obtained 
from saturated steam for given values of Xc and n, are in the same 
region occupied by the points with short cut-off obtained from 
superheated steam for the same given values of Xc and n. 
Examining the region of n=0.90-1.00 and of Xc =0.50-0.70, it 
may be seen that the points obtained with long cut-off 
with saturated steam, and with short cut-off with superheated 
steam, lie together indiscriminately. This shows conclusively, 
in a general way, that the value of n is practically independent of 
the length of cut-off, even though this length may vary from 5 
per cent to 45 per cent, and that n depends solely on the value of 
xe, the only other variable. 

The points shown in Fig. 1 occupy a relatively wide region 
until they are separated into the various groups of similar pres- 
sures and speeds. The points for each group were plotted sep- 
arately, and separate curves were determined for each condition. 
Prom preliminary plotting, the relations between n and Xc were 
found to be expressed closer by straight lines than by any other 
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family of carves. The method used to draw these lines will be ^iven 
for group F^ which includes series 8, with 4 tests, and series 
16 with 4 tests. This group is shown in Fig. 2. All points 
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Fig. 2. Relation of Quality and the Value of ;» for Tests Run at ill 
Pounds absolute Pbessuhe of Cut-off and 150 b. p. m. 

were given equal weight. The average of all the coordinates, 
or the ^'center of gravity" was found and the condition imposed 
that the line pass through this center as an axis, and that the 
slope be determined by the position of the points. The points in 
group F were divided into four logical pairs or groupings, and the 
center of gravity found for each grouping. The line was then 
drawn as shown. Where points were located so that a logical 
grouping was in doubt, various groupings were made, and each 
given weight in determining the slope. 

The equation of the curve selected is cr^ =1.258 n— 0.614. 
The average deviation of the points from this line is 2.6 per 
cent (measured from the zero of Xc ) and the maximum deviation 
is 4.6 per cent. This average deviation, 2.6 per cent, is smaller 
than that for most of the groups. The straight line, in most cases, 
represents the points found as closely as any other curve that 
could be employed, and has the merit of simplifying greatly the 
subsequent use made of the relations for the different groups. 
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The values of n for group F were also plotted to the various 
accompanying cut-off positions at which each test was run. This 
is shown in Fig. 3. The points in Fig. 3 show that for each initial 
condition of steam, the value of n increased as the cut-oif was 
lengthened, and that with any given cut-off, different values of n 
were obtained according as saturated or superheated steam was 
used. Thus, at a cut-off of 15 per cent, the value of n obtained is 
0.950 with saturated steam, and 1.084 with superheated steam. 
The only variable present in these two cases is Xc, the value of 
which is higher with superheated steam than with saturated 
steam. A definite relation between n and cut-off occurs only when 
a given cut-off is accompanied by the same value of Xe, i. e. , the 
value of n bears a direct relation to Xc but not to cut-off. Fig. 3 
taken in conjunction with Fig. 2, proves that the value of n de- 
pends directly only upon the value of Xc, and that the relation of ti 
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Fig. 3. Relations of Peb Cent of Cut-ofp and the Value of n for Tests Run 
AT 111 Pounds absolute Pbcssukb at Cut-off and 150 r- p. m. 

and Xe is practically independent of the length of cut-off within the 
limits of the tests. 

(a) Effect of varying the steam pressure at constant speed. — The 
relations of Xc and n were determined separately for all groups by 
the method outlined for Fig. 3. The lines for the five pressures 
used, comprising the results of groups A, B, C, D, and G, were 
replotted as shown in Fig. 4. This figure also contains other 
curves that are discussed in Appendix 1. The lines shown give 
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the relations of Xc and n for various absolute pressures at cut-off, 
all obtained with a speed of 120 r. p. m. 

These curves were then examined to find the effect of vary- 
ing the absolute pressure at cutoff (designated as p) on the rela- 
tions of Xc and 7i. In Fig. 4, the constant pressure curves were 
intercepted at constant values of n, and the coordinates of Xc and 
p for the points of intersection plotted in Fig. 5. This process 
was repeated at intervals of 0.05, for the values of n from 0.850 
to 1.250. The curves were adopted as shown. The method used 
was as follows: the maximum value, from the evidence of Fig. 4, was 
assumed to be at the value, p = 95; the values of p = 61 and p = 78 
were combined, and the center of the line connecting each pair 
used as one point; with these assumptions the curves were drawn. 
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Fig. 4. Relations at Cut-off Bxtwben Quality and the Value of » fob 

VABIOU8 PBESSUBKS AT CONSTANT SPEED 

Since the relation of Xc and n at constant speed and pressure is a 
straight line, the curves of Fig. 5 were drawn by interpolation to 
increments in the value of n to 0.01. 

. This procedure gave a series of relations between Xc and p for 
constant values of ?i. Since, however, the independent variables, 
in any actual curve under examination, are n and p, the coordi- 
nates of the curves of Fig. 5 were changed so as to show the rela- 
tions of n and p at constant values of Xc . These relations are 
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shown in Fig. 6. 

The effect of a change of pressure on the relations of a-; and n 
is not great between the limits of 75 to 150 lb. An approximate 
equation has been worked oat, therefore, which represents the 
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relations of Xc and n at an average pressure between the limits 

mentioned. The equation corresponds to the relations at 129 lb. 

and is of the form 

xe = 1.245 n — 0.576. 

if)) Effect of varying the speed at constant pressure, — Groups D, 
E, and F, were run at speeds of 120, 90 and 150 r. p. m., respect- 
ively, with the average cut-off pressure on the diagrams constant 
at 111 lb. absolute. The regulation of the governor was very 
poor, there being about a 10 per cent drop in speed from no load 
to full load. For this reason, the relations of Xc and n with va- 
rious speeds at constant pressure were affected by considerable va- 
riation of the speed itself for each group. The relations for each 
group were found as already described, and the curves plotted in 
Fig. 7. The relation of speed (designated as s) and Xc for con- 
stant values of n was derived from Fig. 7, and is given in Fig. 8. 

The apparent relations of Xc, s, and n, obtained by drawing a 
smooth curve through the three points obtained for each value 
of n, are not satisfactory, owing to insufficient data and the change 
of the speed itself in the three groups due to poor regulation. 
The drop in the speed, for one group, does not seriously affect, 
however, the relations of Xc and n for the various pressures at 
constant speed. 

2. Relation of the value of n to the quality of the steam mixture 
at cat-off, — From the evidence obtained from these tests, it may be 
stated that, for any one engine, running at a given pressure and 
speed, there is a definite relation between Xc and n which is 
practically independent of the cut-off position within the limits ex- 
amined. This relation is apparently a linear one. It may also 
be stated that the relation of Xc and n is dependent, to some ex- 
tent, on the absolute pressure at cut-off, and on the speed of the 
engine. 

It remained to compare the relations of Xc and n for the en- 
gine tested with the relations for other engines. This comparison 
is made in the next section. 

An investigation of the value of k for adiabatic expansion, 
(see page 83, Appendix 1) shows that there is a relation between 
the initial quality x^ and the valueoffc which, like the experiment- 
ally determined relation, is also a linear one. The adiabatic re- 
lations of X and k are plotted in Fig. 4, for the pressures used in 
the tests. 

AckDowledirmeDt is made of the assistance rendered, in running these tests, by the follow- 
inflr senior students, viz.. Messrs, Jacobsen, Schuster, Parmely. Hodgson. Janda. Butzer and 
Wood, Class of 1910. and Messrs. Hasberg. Hagedorn. Allen, Herrcke, Cobb and Ponder. Class 
of 1911. 
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III. The Approximation op the Actual Steam 
Consumption prom Indicator Diagrams 

5. Engine Tests. — ^The most reliable method of determining' 
the steam consumption of an engine is to measure or weigh the 
water directly, preferably by means of a surface condenser. This 
method necessitates an elaborate test, which disturbs the routine 
of the plant tested, and is very costly for long tests of large 
engines. The objections to tests of this kind are many, and a few 
of them will be stated. When the boiler feed is measured, both 
the engine and the boilers serving it have to be entirely discon- 
nected from other units, sometimes necessitating shutting down 
the rest of the plant. Almost all tests, where there is more than 
one unit, necessitate changes in heavy and permanent piping. 
Boilers are apt to leak in service, and the measurements of the 
leaks are unsatisfactory. One serious objection to long time tests 
is that the different rates of steam consumption cannot be segre- 
gated. The ideal method of testing a steam engine would be a 
method analagous to that used with electrical machines, i. e., to 
measure instantaneous rates of consumption instead of the water 
consumed over a long time. 

6. Tfie Missing Quantity. — On account of the cost and dif- 
ficulties of making a test, many engineers have devised methods 
of approximating the steam consumption without actually meas- 
uring it. 

When indicator diagrams were first obtained, the loss from 
initial condensation, or the existence of the **missing quantity", 
was not; suspected. The opinion, therefore, was that the con- 
sumption could be mebsured from the steam shown by the dia- 
gram at cut off. After Clark* and Isherwood* made their tests the 
existence and amount of this initial condensation were revealed. 
The very great difference in the proportion that this initial con- 
densation bears to the ♦otal weight of mixture present, either at 
cut-off or during the expansion, that is found in different types and 
size^ of engines has prevented any reliable determinations of the 
actual steam consumption by this method. The steam consumption 
computed from the diagram, when using saturated steam, is gen- 
erally from 15 per cent to 50 per cent below the actual consumption. 

The devising of an accurate method of measuring the actual 
weight of steam consumed from the diagram has therefore been 

• Railway Macbinery 
- rngineeriDtr Researches. 
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regarded as impossible. Thurston^ states that ' 'the steam or water 
consumption of an engine cannot be exactly ascertained by the 
use of the indicator" for the reasons mentioned. Most other 
writers on the subject have expressed similar views. 

7. ApproMmation of the Initial CixudefisatUm, — Methods of com - 
puting the weight or proportion of the '^missing quantity", from 
the dimensions, type, and speed of the engine considered, as shown 
by the result^ of large numbers of tests, have been devised by 
Thurston*, Escher*, Marks*. Fourier, English^ Bodmer^ Cotterill®, 
Heck', and others. The results obtained from these methods 
have not been uniform, and do not agree closely enough with the 
test results to be used with confidence. Moreover, noue of these 
methods is applicable when superheated steam is used. Profes- 
sor Heck^^ states that the steam consumption computed by the use 
of his formula should ordinarily show not more than 10 per cent 
difference from the test results. 

8. 7%e Relation of Xc and n. — The relation of Xc and?i, for the 
same engine, has been shown to be very definite under 
the same conditions of pressure and speed. This relation, or 
dependence, of n upon Xc , however, is not seriously affected 
by changes of pressure and speed, within the limits of the tests. 
The ordinary speeds of similar types of engines, 70 to 120 r. p. m. , 
do not affect the relation seriously enough to be taken into ac- 
count when examining such cases, because of the two-fold char- 
acter of speed in its influence upon the action of the cylinder walls. 

The engine experimented upon was operated at 120 r. p. m., 
and had a stroke of 2 ft. Other engines of this class run at speeds 
as low as 70 r. p. m. , but have strokes of 5 or 6 ft. Cylinder con- 
densation is not dependent upon rotative speed alone, but is also 
influenced by the piston speed, as determined by the length of 
the stroke. On account of different lengths of stroke, different 
engines cannot be compared on the basis of rotative si>eed. Thus 
while the small engine tested has a rotative speed of 120 r. p. m., 
its piston speed is only 480 ft. per minute. In large engines, 
while the rotative speed may be only 70 r. p. m., yet, with strokes 
of 6 ft., the piston speed is 840 ft. per minute. What the smaller 
engine gained by higher rotative speed, the large engine made up 
in a measure by higher piston speed. 



3£D(?incand Boiler Trials, p. 237. 7 Entfineerini; (LoDdons Mar. 4,1892, i*. 299. 

** A Manual of the Ste am Engine, p. 517. <^The Steam Engine, p. £39. 

4 Engineer (London). 1882. |p. 2()P.] »Tlie Steam Engine, p. 109. 

^ Relative Proportions of the Steam Engine. ^o The Steam Engine, p. 119. 
Proceedings of the Brit. Inst, of M. E.. Oct. 188?. 
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After taking into accoant the two parts of which speed is 
composed, it is found that the speeds of stationary engines of the 
type tested are in substantially the same range. On account of 
this fact, only the results of the tests run at 120 r. p. m. have been 
used in the applications made at present. 

The relation of Xc and n has been found to be practically 
independent of cylinder size. This statement is true for non- 
jacketed cylinders and for pressures in the range examined. This 
is shown in a general way in the following discussion for satu- 
rated steam. 

9. The Phenomeiui Occurring in the Cylinder. — Cast-iron is uni- 
versally used for steam cylinders. The greatest source of loss 
in the cylinder is due primarily to the use of a metallic structure, 
from practical considerations. The skin surface of this metal, 
which is a fairly good conductor of heat, mast be heated once every 
cycle from the temperature acquired from contact with the ex- 
haust steam, up to nearly the temperature of the admission steam, 
this heating being accomplished by the condensation of some of 
the incoming steam. The amount of this condensation, measured 
as the proportion of the mixture present, varies with the size, 
valve design, relative roughness of the interior surface, tempera- 
ture range, length of cut-off, speed, location of ports and port 
passages, quality of the steam supplied, and the jacketing and 
lagging. It can easily be seen, from the number and relative 
magnitude of these variables, that the computation of the weight 
of condensation, by means of a formula which will take these vari- 
ables into account, can never be an accurate operation. 

After many examinations into the cases of different types and 
sizes of engines, with non- jacketed cylinders in good order, and 
with pressure limits similar to those used with the tests, it has 
been found that while the initial condensation is subject to the 
action of ten or more variables, yet the value of n resulting from 
a given value of Xc is almost always substantially the same. A 
few of the applications showing this point will be found in Table 
4. Here the cylinder sizes vary from lOi in. x 12 in. to 34.2 in. 
X 60 in., the speeds from 48 to 2t>3 r. p. m., and the types include 
slow-speed Corliss, high speed, and locomotive engines. The 
possibility of calculating accurately the weight of condensation 
in these different cases may be easily imagined. 

The phenomena caused by the presence of the cylinder walls, 
in the class of engines discussed, have been found to be divided 
into two natural classes: those occurring before cut-off, and those 
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occurring after cut-off. The phenomena occurring before cut-off 
are controlled by the action of the ten or more variables already 
mentioned, and therefore are subject to all the variation that may 
occur in any individual case to be examined. For this reason, 
any method of computing the condensation accurately from the 
physical facts surrounding the case is open to objection. This 
method also cannot allow for the use of superheated steam, an 
increasingly important condition. The phenomena occurring af- 
ter cut-off are practically independent of all variables except 
Xc , and initial pressure and speed. Of these variables, only the 
value of Xc and the initial pressure have proved to be of material 
importance in the applications made thus far. This may be 
summed up by stating that the value of Xc , in any particular 
case, is subject to the action of many important variables, but 
that the relation of Xc and n is practically independent of these 
variables within the limits examined in this investigation. 

10. The PheTiomena of Condensation and Re- evaporation during 
Expansion, — When adiabatic expansion of initially dry saturated 
steam takes place, a part of the steam is condensed as the pres- 
sure is lowered, the condensed steam giving up its latent heat 
which is converted into work. When superheated steam is ex- 
panded adiabatically, the steam loses its superheat until satura- 
tion is reached, after which condensation takes place as in the 
case of initially dry steam . 

When, however, the steam is initially composed of a large 
proportion of water, both being at the same temperature, adia- 
batic expansion may take place without additional condensation 
and may even be accompanied by re-evaporation. This fact is 
due to the large amount of heat contained in the water, a part of 
which flashes into steam as the pressure is lowered, thus supply- 
ing and neutralizing the loss of steam volume by condensation 
which takes place with steam initially dry. Adiabatic expansion 
is accompanied by condensation when the initial quality is above 
the value 0.50 at an initial pressure of 2401b. persq. in. absolute, 
but below the value of 0.50, it is accompanied by re-evaporation. 
An examination of Table 20 will show the values of the initial 
quality which form the line of demarcation of condensation and 
re-evaporation during the adiabatic change of state. 

In the actual engine using saturated steam, as has already 
been pointed out, some of the incoming steam is condensed in 
warming up the surface of the cylinder walls to approximately 
the temperature of the incoming steam. When the admission of 
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TABLE 5 
C0NDBf^SATI05J AXD Be-EVAPORATION OP StBAM DORIEfO EXPANSION 



Example No 

Initial Quality. Parts of Unity 




1 

o.gso 



PBBflSURBS, LB. PBB 8Q. IN. ABSOLUTS 



Initial 

Pinal 


H5.0 

ao.o 


145.0 
90.0 







Value of n in Equation PV**— C 



Adiabatic expansion, from Table 90 

Actual expansion in engine, tested. fromFiir. 6 




1.133 
1.230 



Volume of Steam Pbbsbnt, cr. ft. (Volume of Watbb Neglectbd) 



Initial 

Final, adiabatic expansion 

Pinal, curve of constant steam weight . . 
Pinal, actual expansion in ensrlne tested 




1.00 
5.75 
6.44 

5.00 



Wekjht of Steam Present. Lb. 



Inital. plus water 

Initial, steam on]y , 

Pinal, adiabatic expansion , 

Pinal, curve of constant steam weisrht.. 
Pinal, actual expansion in enurine tested. 



0.594 
0.391 
O.Sll 
0.321 
0.450 



0.338 
0.821 
0.987 
0.391 
0.949 



Quality of Steam at Pinal Pre.s.sube, Parts of Unity 



Adiabatic expansion 

Curve of constant steam weitrht .. 
Actual expansion in engrine tested 



524 
0.510 
0.757 



0.849 
0.950 
0,736 



Condensation or Re-evaporation. Parts of Unity 



Apparent re-evaporation 

Real re-evtiporation 

Apparent conden«iation . . 
Real condensation 




0.914 
0.113 



steam is cut off and expansion commences, the condensation, due 
to the presence of the cylinder walls, continues in general until, 
at some point during expansion, the water on the cylinder walls 
begins to reevaporate at such a rate that the weight of steam 
present at the end of expansion is greater than that which was 
present at cut-off. 

To show the effects and extreme values of condensation and 
re- evaporation during expansion, there have been prepared in 
Table 5 two examples, using the average results of tests which 
have been run on the engine tested (see Appendix 2). 
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jl. Examples. — Example 1 is a condition which obtains in 
the engine tested when using saturated steam at about 140 lb. 
gauge pressure with a length of cutoff of about 8 per cent. All 
values of the qualities mentioned are portions of the total weight 
of mixture in parts of unity. The value of Xc is 0.540, a low 
value, yet one which often obtains in small engines. If this 
steam were expanded adiabatically to the back pressure, 20 lb. 
absolute, the resulting quality would be 0.524, giving a condensa- 
tion of 0.016. The expansion which actually takes place in the 
engine tested under these conditions results in a final quality of 
0.757, showing that the apparent re- evaporation from the value 
of Xc has been 0.217. However, the steam mixture in expanding 
did expand adiabatically in order to give up heat to work, but the 
actual or what might be called the gross expansion, was changed 
in character by the re- evaporation of a large proportion of the 
water present, due to the return of heat from the cylinder walls 
and the consequent flashing into steam of part of the water when 
the pressure and the temperature were lowered. The real 
re-evaporation, measured by its effect upon adiabatic expansion, 
has been the difference between 0.757 and 0.524 or 0.233. 

The actual expansion in this case has been the result of two 
factors which worked simultaneously; adiabatic expansion, and 
the return of heat from the cylinder walls to the mixture. The 
first factor, adiabatic expansion, as already explained, is itself 
the result of two neutralizing or opposing conditions, i. e., the 
condensation of initially dry steam during expansion, and the 
relatively smaller amount of re-evaporation of water initially in the 
mixture due to the liberation of its excess of heat when the pres- 
sure and temperature were lowered. The net result of the two 
conditions of thi.. adiabatic expansion, however, was a condensa- 
tion. The second factor is the large amount of re- evaporation 
due to the return of heat from the surface of the cylinder walls 
to the condensed steam, amounting in example 1 to 0.233, or, 
roughly, there has been re-evaporated during expansion i of the 
entire weight of mixture present. 

Example 2 shows conditions which obtain in the engine tested 
when served with steam at about 140 lb. gauge pressure, super- 
heated about 125 ** P. with a length of cut-off of about 45 per cent. 
The value of Xe is 0.950, a very high value for this class of en- 
giniB. The quality after adiabatic expansion would be 0.849, a 
condensation of 0.101. Where values of Xc are as high as 0.950, 
however, no re -evaporation takes place in practice, but condensa- 
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tion continues throughout expansion. After expansion in the 
engine tested, the quality would be 0.736, showing much greater 
condensation than that due to adiabatic expansion alone. The 
apparent condensation has been 0.214, but the real condensation, 
measured by its effect upon adiabatic expansion, has been 0.113. 

The actual expansion in example 2, as in example 1, has been 
the result of two factors; adiabatic expansion, and the further 
abstraction of heat during the whole expansion by the cylinder 
walls. Heat is abstracted during expansion by the cylinder in 
the engine tested at all values of Xc above 0.85, thus giving 
values of n higher than the adiabatic value k. 

The phenomena of condensation and re- evaporation during 
expansion are the causes of the relations existing between Xe and 
n in the cylinders of steam engines. The two examples given 
show values obtained in extreme cases which illustrate very well 
the effect of Xc upon the character of the expansion, and there- 
fore upon the value of n, and show the range of values that n 
assumes in one engine due to a change in the value of Xc. 

12. Tfie New Method of Approximating the Value of Xc. — The 
fact that the value of n depends upon the value of xc and that the 
values have definite relations under definite conditions, makes it 
possible to reverse the order of procedure followed in obtaining 
the relation and to approximate the value of Xc (and, therefore, 
the actual steam consumed) from the value of n. 

It appears, therefore, that this method of approximating the 
value of Xc at cut-off from experimentally determined relations, 
and thus accounting for the ''missing quantity", is upon much 
surer ground than any method of computing condensation from 
the physical facts surrounding the case. It approaches the prob- 
lem from the side where the phenomena occurring are practically 
independent of all the variables mentioned. 

13. Advantages of the Method,— This method is free from sev- 
eral objections to which tests are open. It measures the consump- 
tion in one revolution, and is, therefore, practically measuring a 
rate instead of a quantity. The only data needed for an approxi- 
mation are one set of indicator diagrams, taken simultaneously, 
the constants of size and clearance, and the speed of the engine 
tested. No interruption of any kind in the routine of a plant is 
caused, and the expense incurred is not to be compared with that 
of an equally accurate test. The method is accurate enough for 
almost all purposes except guarantee tests subject to bonus and 
forfeit contracts. In the case of locomotives on the road, it is 
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the only possible method of approximating the steam consump- 
tion of the main engines, due to the use of steam by the air-pump, 
train-heating system, blower, generator sets, safety valves, 
whistle, blow-off valves, and leaks. The same is true of marine 
engines, where many auxiliaries are supplied with steam from the 
same boilers, and exhaust into the same surface condensers. The 
method is especially useful for non-condensing engines, where the 
boiler-feed measurement method is the only practicable one. 
Steam consumption may be obtained as often as is desired instead 
of probably once in an engine's life. 

14. Limitations — The relations of Xc and n given in chapter 
n are applicable, however, only to non- jacketed cylinders ex- 
hausting at very close to atmospheric pressure. When the back 
pressure is raised to 30 lb. absolute, for instance, there is a new 
series of relations existing for the same initial pressure, due to a 
different temperature range in the cylinder and the consequent 
alteration of the phenomena occurring after cut-off. Steam 
jackets also alter the phenomena occurring after cut off, and 
therefore have to be examined separately for the relations of 
Xe and n. The steam used in the jackets and in reheaters has of 
course to be collected and weighed as heretofore. 

Since this method rests entirely on the indicator diagram, 
great care must be observed in taking these diagrams. The indi- 
cator itself must be an accurate instrument in the best possible 
condition. The indicator connections must be short and direct. 
An extensive investigation by W. P. M. Goss^ shows that the 
long and indirect pipe connections materially alter the form and 
character of the expansion curves. A correct reducing motion, 
free from lost motion, must be used so as to reproduce the actual 
expansion. The arrangement of having one indicator at each end 
of the cylinder is always to be preferred. 

The applications of this method must be made with judgment 
and care. If large leakage exists, only an approximate solution 
can be obtained, as certain assumptions have to be made. The 
various steps insrolved in the use of the method must be thor- 
oughly comprehended to give satisfaction. 

15. Application of the Method,— -The relations of Xc and n, as 
determined for various pressures at constant speed from the en- 
gine described (see Appendix 2,) were plotted in the form of the 
chart shown in Pig. 6. 

The next step was to examine, with certain restrictions, the 

11 Trans. A. S. M. E. XVIT, p. 398. 
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tests of other engines, and to compare the relations of Xc and n 
with those given in Fig, 6. The restricting conditions imposed 
were: (1) that the tests should come from reliable sources; (2) that 
the data supplied should be complete enough to be able to com- 
pute the quantities needed for comparison; (3) that the cylinders 
should be non- jacketed; (4) that the diagrams furnished should be 
representative of average conditions; (5) that the back pressure 
in the cylinder examined should be practically atmospheric; (6) 
that no large leaks should exist. 

The values, ojf Xc, n and p were first found from the set of 
diagrams to be examined*. Next, the values of n and p were located 
in Fig. 6 and thecprresponding. v$ilue of Xc found, as obtained in 
the tests give/i in chapter II. The value of Xe obtained from the 
chart and that obtaiQed from the test examined were compared, 
and the steam. consumption ^ais computed by the value of Xc taken 
from the chart, was obtained: r / 

The results of tests wfiibh fulfilled the conditions imposed 
are given in Table 4. Four distinct classes of engines were 
examined. These include simple Corliss, two-valve and four- 
valve types, the high pressure cylinders of compound engines, 
the intermediate pressure cylinders of triple expansion engines, 
high speed, and simple locomotive engines. The sizes range 
from 10} in. xl2in. to 34.2 in. x60in., and the speeds from 263 
to 47.98 r. p. m. 

The final results, given in columns 24, 29, 31 and 36 of 
Table 4 were averaged (analysis 201 excepted) and the averages 
are given in the following table: 

Approximation from Chart — Fig. 6 
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Analysis 201 shows an application the conditions of speed 
and cut-off pressure of which are far outside of the limits exam- 
ined. The values given were obtained by extrapolating as 
straight lines the lower portions of the curves of constant value 
of Xc in the chart of Fig. 6. Although the speed is only 27.66 
r. p. m. and the cut-off pressure only 38.5 lb. absolute, the value of 
Xc by chart was determined as 0.470, while the value by test is 
0.508, a difference of 7.5 per cent based on the test value of Xe . This 
application is given to show that an extrapolation of the method 
to unusual conditions of speed and cut-off pressure does not lead 
to absurd results, although it is not nearly as accurate as the ap- 
plications to speeds higher than 50 r. p. m. 

The results of the applications made up to the present time, 
with the restricting conditions imposed,, tend to show that the 
steam consumption of engines may be approximated from the in- 
dicator diagram to within an average difference of less tUB.n 4 
per cent from the test results. Individual examples^ however, 

« 

may show as much as 8 per cent difference in rare cas.^9. 

16. Directions for Applying the Method to Engine Testing^* — The 
manner of applying the method to the class of engines tested is 
best illustrated by taking an actual case and tracing the steps 
necessary to a determination of the steam consumption. It is to 
be remembered that the method accounts for the actual weight 
of steam and water present in one revolution only as represented 
by the set of diagrams analyzed. 

The set of diagrams to be analyzed is selected in different 
ways, according to the test conditions. If the load on the engine 
to be tested is fairly uniform, and if the average steam consump- 
tion over a period of time be desired, one set of diagrams 
taken simultaneously is selected after the manner described in 
detail in Appendix 8, p. 97. This method briefly is as follows: all 
diagrams taken over a period of time at equal intervals are in- 
tegrated and the mean effective pressure of each diagram obtain- 
ed. The combination of one set of diagrams is sought nearest to 
the average mean effective pressure and taken at the average 
steam pressure. This set is taken to represent the mean condi- 
tion of power and is the set to be analyzed. If the load is ex- 
tremely variable, the diagrams must be separated into groups of 
similar cut-off values, and one set from each group analyzed as 
outlined for the uniform load condition. 

If it be desired to obtain a water- rate curve, the engine is 
operated under various loads, ranging from no-load to full-load, 
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and one set of diagrams, taken simultaneously is obtained at each 
load. Bach set is analyzed and the result used to obtain the 
usual water-rate curve. In this case, no average diagrams are 
necessary as only the steam consumed at each load is desired. 
It is now assumed that the set oC diagrams to be analyzed is 
selected, that they are taken from a single-cylinder non- jacketed 
non-condensing Corliss engine, 28iin. x 59iin., the engine se- 
lected as an example being analysis 102 in Table 4. 

Logarithmic diagrams of both indicator diagrams azfe con- 
structed as*des(»ibed.ii; Retail in Appendix 1. The average value 
of n froi4,:fl\,^ expansion .<mrves of the head-end and crank- end 
diagrams" is then foiitid to b^ 1.108, and the average cut off pres- 
sure 75 li). per sq. in. absolute. 

The nextJ st6t> is to examine Pig. 6 and locate the intersection 
of the vertical line^tor the* vahie of n= 1.108 with the horizontal 
line for the value of the absolute cut-off pressure of 75 lb. This 
intersection is seen to be half-way between the "lines of constant 
quality'^of 0.79 and 0.80, giving a value of 0.795. This means 
that the steam accounted for by the indicator as being present in 
the clearance and displacement spaces up [ to cut-off is pres- 
ent at a quality of 0.795, or that it contains water to the amount 
of 0.205. 

From the logarithmic diagram, it is found that the head-end 
of the cylinder contains 8.57 cu. ft. of steam at the average cut- 
off pressure of 75 lb. absolute, while the crank-end contains 7.83 
cu. ft., making a total of 16.40 cu. ft. From the Marks and Davis 
steam tables, the specific value of steam at 75 lb. pressure is 5.81 
cu. ft. per lb., thus accounting for 2.822 lb. of dry steam. This 
weight at the quality of 0.795 equals 3.551 lb., the* total weight 
of steam and water present per revolution . In a similar man- 
ner, from the logarithmic diagram, as described in Part II, chap- 
ter X, it is found that the total weight of dry steam retained in 
the compression in both ends equals 0.1671b. This compression 
steam is present in the amount accounted for at cut-off so that the 
/ net weight o^ steam passing through the cylinder per revolution 
)0 is 3.551— O.lp, or 3.384 lb. As the engine is runningat 64.8 rev- 
olutions per/minute, or 3888 revolutions per hour, the total steam 
consumed per hour equals 3888x3.384=13150 lb. From 
the diagrams, the indicated horsepower is found to be 506.5, thus 
the steam consumption is determined at 25.96 lb. peri. h. p. 
hour, while the condenser test of this engine from which these 
diagrams were taken shows a steam consumption of 25.801b. 
per i. h. p. hour, a difference of 0.6 percent. 
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Analysis 201 shows an application the conditions of speed 
and cut-off pressure of which are far outside of the limits exam- 
ined. The values given were obtained by extrapolating as 
straight lines the lower portions of the curves of constant value 
of Xc in the chart of Fig. 6. Although the speed is only 27.66 
r. p. m. and the cut-off pressure only 38.5 lb. absolute, the value of 
j*c by chart was determined as 0.470, while the value by test is 
0.508, a difference of 7.5 per cent based on the test value of Xc . This 
application is given to show that an extrapolation of the method 
to unusual conditions of speed and cut-off pressure does not lead 
to absurd results, although it is not nearly as accurate as the ap- 
plications to speeds higher than 50 r. p. m. 

The results of the applications made up to the present time, 
with the restricting conditions imposed^ tend to show that the 
steam consumption of engines may be approximated from the in- 
dicator diagram to within an average difference of less tb^n 4 
per cent from the test results. Individual examples, however, 
may show as much as 8 per cent difference in rare case9. ' 

16. Directions for Applying the Method to Engine Testing^* — The 
manner of applying the method to the class of engines tested is 
best illustrated by taking an actual case and tracing the steps 
necessary to a determination of the steam consumption. It is to 
be remembered that the method accounts for the actual weight 
of steam and water present in one revolution only as represented 
by the set of diagrams analyzed. 

The set of diagrams to be analyzed is selected in different 
ways, according to the test conditions. If the load on the engine 
to be tested is fairly uniform, and if the average steam consump- 
tion over a period of time be desired, one set of diagrams 
taken simultaneously is selected after the manner described in 
detail in Appendix 3, p. 97. This method briefly is as follows: all 
diagrams taken over a period of time at equal intervals are in- 
tegrated and the mean effective pressure of each diagram obtain- 
ed. The combination of one set of diagrams is sought nearest to 
the average mean effective pressure and taken at the average 
steam pressure. This set is taken to represent the mean condi- 
tion of power and is the set to be analyzed. If the load is ex- 
tremely variable, the diagrams must be separated into groups of 
similar cut-off values, and one set from each group analyzed as 
outlined for the uniform load condition. 

If it be desired to obtain a water-rate curve, the engine is 
operated under various loads, ranging from no-load to full-load. 
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absolute pressures, preferably iu lb. per sq. in., and of absolute 
volumes, preferably in cu. ft. These points are plotted on log- 
arithmic cross section paper and are connected by a smooth 
curve, forming a figure which will be called the logarithmic dia- 
gram. Fig. 9 shows the logarithmic diagrams derived from the 
PF-diagrams of Fig. 15. 
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18. The Form of Expansion and Compression Curves from Prac- 
tice. — About 300 PV diagrams from engines using steam, gas, air, 
and ammonia have been examined to investigate the form and 
character of the expansion and compression curves. As a re- 
sult, it may be stated that, free from certain abnormal influences, 
expansion or compression of an elastic medium takes place 
in the cylinders of reciprocating engines substantially according 
tothelaw, PK^^C. 

19. Mathematical Relations of the Laio^ PV^=C. — The equa- 
tion of the poly tropic curve, PF'* =C, when plotted on rectangu- 
lar cross-section paper, gives a curve depending for its form and 
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VI. Rational Method of Approximating Clearance 

21. In the cases of the fzrreat majority of the PF-diagrams 
which were examined, the expansion and compression curves be- 
came straight lines in the logarithmic diagram, showing that the 
law PV^ = was applicable, or in other words, that n was a con- 
stant for one curve. The clearances furnished with the diagrams 
examined had been carefully found by the displacement method. 

It was desired to see what forms the lines assumed when the 
clearance was taken larger or smaller than the measured quan- 
tity. The diagram shown in Fig. 10a, taken from a 42 in. x 60 in. 
gas engine, was used for this purpose. The true clearance, mea- 
sured as 18.0 per cent, was used in the full logarithmic diagram 
of Fig. 10b. Trials were made with clearances assumed as 14.0, 
16.0, 20.0 and 22.0 per cent of the piston displacement. With the 
true clearance of 18.0 per cent, the curves became almost perfectly 
straight lines, while with the values of clearance less than 18.0 
per cent, it is seen that the lines become bent to the left, and 
with values of over 18.0 per cent, the lines become bent to the 
right. Hence the straight line for the value of 18.0 per cent is the 
transition between the family of curves bending 6o the left, rep- 
resenting a clearance smaller than the real value, and the family 
of curves bending to the right, representing a clearance larger ' 
than thejreal value. 

The practical significance of this fact is that there is now 
available a rational method of approximating the clearance of 
any cylinder using an elastic medium, which has, as a part of the 
cycle of operation, an expansion or a compression. This method 
is based on the fact, already mentioned, that, in practice, all 
elastic media, except under certain exceptional conditions, obey 
substantially the law PV^= C, when subject to change of state, 
and therefore become straight lines in the logarithmic diagram. 

22. Oraphical Method of Approximating Clearance. — The 
graphical method of approximating clearance requires only the 
scale of the indicator spring to be known, and the atmospheric 
line to be drawn, in order to locate the zero line of pressure. The 
exact order of procedure necessary to make a trial, and the de- 
gree of accuracy obtained in any given case, is shown in detail in 
page 85 for a 25Hn. x 37| in. gas engine. All that is necessary is 
to assume different values of clearance, and to plot the logarithmic 
diagram for each assumed value. The straight-line position of 
%e curves is found by trial and error, to lie between the two di- 
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IV. Conclusions 

The following coqcIusioqs have been drawn from the results 
of this investigation, as applicable to non-jacketed steam cylin- 
ders in good condition exhausting at or near atmospheric pres- 
sure, and with the limitations imposed as given in Part I. 

1. At a given initial pressure and speed of engine, there is 
a definite relation existing between Xc and n, in any one cylin- 
der, which is practically independent of the cut-off position. 

2. This relation is practically independent of cylinder size 
and of engine speed; it is therefore applicable to other cylinders 
of the same type. 

3 By means of the experimentally determined relations of 
Xc and n, the value of Xc may be approxims^ted from the aver- 
age value of n obtained from the Qotpai^isjon ourves of one set of 
indicator diagrams, taken simultaneously; therefore the actual 
weight of steam present in one revolution may'bjs^ sLpprpximated. 

4. The actual steam consumption /niay. be obtained by this 
method from the indicator diagram to wiitiiih.l^n average of 4 per 
cent of the amount consumed as measured by^*^t. , 

5. This method has the following advantag^not possessed 
by tests: it is more accurate than the average test, and is the 
most accurate method available for testing certain classes of en- 
gines; it virtually measures an instantaneous rate instead of an 
average quantity over a long time, and thus enables a large num- 
ber of points to be obtained for a water-rate curve; it permits of 
making tests at frequent intervals instead of once in the en- 
gine's life; the expense is not to be compared with that of an 
equally accurate test; it involves no change in the routine of the 
plant tested. 

Part II. The Logarithmic Diagram Applied to all 

Elastic Media 

V. The Logarithmic Diagram 

17. 1 he Indicator Diagram Plotted on Logarithmic Cross-section 
Paper. — ^The logarithmic diagram is obtained by transferring the 
indicator or PF- diagram to logarithmic cross- section paper. The 
method of transfer is as follows. The coordinates of the /^F-dia- 
gram are proportional to pressure and stroke, the latter being pro- 
portional to the volume displaced by the piston. The coordinates 
of from 10 to 30 points on the PK-diagram are found in terms of 
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absolute pressures, preferably ia lb. per sq. in., and of absolute 
volumes, preferably in cu. ft. These points are plotted on log- 
arithmic cross section paper and are connected by a smooth 
curve, forming a figure which will be called the logarithmic dia- 
gram. Fig. 9 shows the logarithmic diagrams derived from the 
PK-diagrams of Pig. 15. 
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18. The Form of Expansion and Compression Curves from Frac- 
tice, — About 800 PV diagrams from engines using steam, gas, air, 
and ammonia have been examined to investigate the form and 
character of the expansion and compression curves. As a re- 
sult, it may be stated that, free from certain abnormal influences, 
expansion or compression of an elastic medium takes place 

in the cylinders of reciprocating engines substantially according 
tothelaw, P)'~==r 

19. Mathematical Relations of the Law ^ PV*^=C, — The equa- 
tion of the poly tropic curve, PF'* =(7, when plotted on rectangu- 
lar cross-section paper, gives a curve depending for its form and 
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position on the values of P, F, n, and C. When this curve is- 
plotted on logarithmic paper, it becomes a straight line, depend- 
ing for its slope on the value of n and for its position upon the 
value of C. The relations for such curves follow. 
Given 

PF« = C 
Taking the logarithm of both terms 

log P + n log V = log C 
Transposing 

log P=—n log V^+logC (1> 

This equation is of the form of the straight line 

y = mx + h 
where 

y = log P 

m = —n 

X = log V 

b = log C 
Thus m = — n, the slope; or measure of inclination of the 
line to the axis, log V. In Fig. 9, for example, at a point X on 
the line 

log P= — n log V + log C, 

draw OX parallel to the axis log P, and draw OY parallel to the 

axis log 7. The slope of the line will be the value of the ratio 

OX 
jprr = — n. OF is negative, being measured to the left, giving 

n its negative sign. 

20. Use of tlie Logarithmic Diagram. — The logarithmic dia- 
gram forms the basis of the methods of analyzing the cylinder 
performance of reciprocating engines which are developed in de- 
tail in the following pages. These methods apply only, how- 
ever, to the logarithmic diagrams derived from the cylinders of 
reciprocating engines using an elastic fluid for the working med- 
ium, and having, as a part of the cycle of operation, an expan- 
sion, a compression, or both. The figures of one set of indicator 
diagrams and the corresponding set of logarithmic diagrams are 
numbered the same, but the letters a and h are used in addition 
to the figure number to denote the indicator and logarithmic dia- 
grams, respectively. 
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VI. Rational Method of Approximating Clearance 

21. In the cases of the Rreat majority of the PFnliasn^ms 
which were examined, the expansion and compression curves be- 
came straight lines in the logarithmic diagram, showing that the 
law PF** = C was applicable, or in other words, that n was a con- 
stant for one curve. The clearances furnished with the diagrams 
examined had been carefully found by the displacement method. 

It was desired to see what forms the lines assumed wh^n the 
clearance was taken larger or smaller than the measured quan- 
tity. The diagram shown in Fig. 10a, taken from a 42 in. x 60 in. 
gas engine, was used for this purpose. The true clearance, mea- 
sured as 18.0 per cent, was used in the full logarithmic diagram 
of Fig. 10b. Trials were made with clearances assumed as 14.0, 
16.0, 20.0 and 22.0 per cent of the piston displacement. With the 
true clearance of 18.0 per cent, the curves became almost perfectly 
straight lines, while with the values of clearance less than 18.0 
per cent, it is seen that the lines become bent to the left, and 
with values of over 18.0 per cent, the lines become bent to the 
right. Hence the straight line for the value of 18.0 per cent is the 
transition between the family of curves bending to the left, rep> 
resenting a clearance smaller than the real value, and the family 
of curves bending to the right, representing a clearance larger 
than the jeal value. 

The practical significance of this fact is that there is now 
available a rational method of approximating the clearance of 
any cylinder using an elastic medium, which has, as a part of the 
cycle of operation, an expansion or a compression. This method 
is based on the fact, already mentioned, that, in practice, all 
elastic media, except under certain exceptional conditions, obey 
substantially the law PK* = C, when subject to change of state, 
and therefore become straight lines in the logarithmic diagram. 

22. Graphical Method of Approximating Clearance. — The 
graphical method of approximating clearance requires only the 
scale of the indicator spring to be known, and the atmospheric 
line to be drawn, in order to locate the zero line of pressure. The 
exact order of procedure necessary to make a trial, and the de- 
gree of accuracy obtained in any given case, is shown in detail in 
page 35 for a 25 J in, x 37f in. gas engine. All that is necessary is 
to assume different values of clearance, and to plot the logarithmic 
diagram for each assumed value. The straight-line position of 
the curves is found by trial and error, to lie between the two di- 



CLAYTON — NEW ANALYSIS OP CYLINDER PERFORMANCE 



83 




Pig. lOa (Scalk— 160 lb.) 



900 



200 



I 
u 
z 

a 

d 

ID 

t 
y 

I/) 5C 

U 



100 
90 

80 

7C 

60 



K- 
D 
-I 
O 

< 



40 



30 



SO 





— 


1 

1 
















— 












.. 
















\ 






1 


— 






- 








^ 












; 1 .,:: 

1 . . . 


SsSsSSl 




N^wV 


- 


- 




-■ 




4v\Sa\ 












: J 




. : ' f 


k 


' > 


: 1 






. I, i.lRV.XVvW 






-i 


■ 


















*" T * -* 

1 






•^^ 








- 




. . 1 


k^4- -4 


p.O^\ 


1 




^ 










1 


, \v\\ 1 1 


^ 


1 


+ 

1 


-^ . 


ti 




-^1 








\ 


\- 


- 








^3^3 


m 


♦ 


■ 




1 i. J 


— 


1 1 






^ 


1 


1 
- i J 


1 


1 ^1 






fj 


^S. 




/ 












. 


\ 








■ ; 

1 , 1 






"^V 


^ i/l 




1 
■ 1 


n I t 




1 




_ . 


1 
1 
I 








J 


i 

1 

1 

1 


1 

1 1 



















10 

60 70 eoaoioo 20 zo Ao So 6o to 

ABSOLUTE VOLUME -CU FT 

Fio. 106. Tod it-is. x eo-iH. gas Engine , Blast FurwackIGas 



34 ILLINOIS EXGINEKRING EXPFRIMENT STATION 

verging families of curves representing too small and too large 
clearance. 

It foUow^s also from the curves shown by Fig. 10b that the 
clearance being known, the scale of the spring used may be ob- 
tained in the same manner if the atmospheric line is given. 

23. Mathematical Method of Approximating Clearance. — The 
results obtained from the graphical method of trial and error 
may also be accomplished by the use of the purely mathematical 
process upon which the method depends. 

When the law PV'^=^ C holds, n, is a constant for any part of 
the curve. When the wrong clearance is used, the law PV^ = C 
does not hold, and n varies from point to point. In the graph- 
ical method, trials of various values of clearance are made, until 
the curve becomes approximately a straight line; this resultant 
straight line is, therefore, the law PF** = C, in which n is a con- 
tant for all parts of the curve. The one condition necessary to be 
fulfilled, therefore, is that n be constant for all parts of the curve, 
but not of any particular value. 

24. Application of the Mathematical Method. — To illustrate the 
use of the mathematical method in Fig. 106, let us assume several 
points, Pi^i, /^2^2» Pd^st and P^V\ at various intervals on one of 
the curves, as on the compression curve at the clearance value 14.0 
per cent. It is desirable for convenience to locate the points at 
about equal intervals as shown. The law PF** = C is assumed to 
hold. Then, for two points, PiVi and PjFj, called group a, we 
have 

PJ\- = C 

Equating these, we obtain 
Transposing and dividing 

,12, \ ^n 

f 1 '2 

Taking logarithm of both sides 

n{log Fa - log l\) = log Pi - log Pa 

whence 

^ _ log Pi - log Pg .,^ 

In the same manner for the points P^V^ and P4F4 called group 
b, we obtain 

_ log Ps - log P4 ,ov 

^^ -log F4- log Fa ^^^ 
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For the correct value of clearance, the following condition must 
be fulfilled by trial and error 

na = Tib (3) 

The values of the logarithms of the coordinates of all points 
are then found, and the values of ria and Ub computed. If the 
points are located in the order shown, then with too small a clear- 
ance, ria is lower in value than n &. A larger value of clearance 
is then assumed, the operation being merely to add a constant 
number to the values of Fi, T'a, Fj, and F4. The process is re- 
peated until the value of Ua becomes practically eqfual toiib. 
When the clearance is assumed too large, Ua becomes higher in 
value than Ub , indicating that the true value has been passed. 

25. Comparison of the Two Methods, — The trial by the mathe- 
matical method is neither as accurate nor as short as the graph- 
ical method. It is not as accurate because the poinbs assumed 
may not be representative. When this is the case, the graphical 
method allows judgment to be exercised in selecting the straight- 
line position, thereby eliminating irregularity of points. 

The question arises as to whether the form of the lines due 
to wrong clearance can be distinguished from the form due to leak- 
age or to ** hooks", on the logarithmic diagram. This case is 
treated in chapter IX. 

The curve of the PF-diagram nearest the clearance space, 
or the compression curve in Fig. 10&, is generally the better 
guide in the graphical trials. This is well shown in Fig. 10&. A 
given difference in the values of clearance used for trial causes 
more horizontal variation in the position of the compression 
curve than in the expansion curve. This fact allows closer lo- 
cations of the straight-line transition region to be made from the 
compression curve than from the expansion curve. 

26. Examples. — It was desired to determine the clearance 
of the diagram shown in Fig. 11a. From general knowledge of 
this class of engines, a trial by the graphical method was made 
in Fig. 116 with the clearance assumed as 12.4 per cent, a value 
purposely assumed as being too small. This value is seen, by the 
bending of both curves to the left, to be much too small. Trials 
were, therefore, made with the clearance assumed as 13.8, 15.1. 
and 16.0 per cent of the piston displacement. The values of 15.1 
per cent gave practically perfect straight lines for both the ex- 
pansion and compression curves, while the value of 16.0 per cent 
shows that the lines have begun to bend to the right, indicating 
too large a clearance. By inspection, it will be seen that the re- 
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gion of fairly straight lines may be located as lying between the 
values of about 14.5 per cent to 15.5 per cent. The clearance is, 
therefore, selected as 15.0 per cent, a value which may be high 
or low by not more than 4 per cent in this case. This clearance 
value, 15.0 per cent, is a common value for engines of this class. 
The graphical method is more accurate for large clearances, 
measured in per cent of the piston displacement, than for small 
ones. The closeness of location of the straight-line region, lying 
between the two families of diverging curves, will be found to be 
within 5 per cent to 10 per cent of the clearance volume, for val- 
ues of clearance between 20 per cent and 2 percent, respectively, 
of the piston displacement. 

VII. Rational Method of Locating the Stroke 

Position op Cyclic Events 

27. It is often desirable to know at what part of the 
stroke the cyclic events occur. This knowledge can be best ob- 
tained from the PF-diagram. For ordinary purposes, these events 
can be closely located in most cases by inspection on the PF-dia- 
grams themselves; thus, on a diagram from a Corliss engine, cut- 
off may generally be located to within 1-16 in., measured along 
the length of the diagram. 

The actual beginning of true compression, however, can 
never be accurately located on the PF-diagram. True compres- 
sion, unaffected by leakage, begins after the exhaust valve, in 
closing, has acquired enough seal to prevent leakage. The point 
of the beginning of true compression is generally at least 5 lb. 
above the back pressure. The point at which leakage ceases can- 
not be located on the PFdiagram because the curve of true com- 
pression, and the curve during the time the valve has insufficient 
seal, are of the same direction of curvature, and are not reverse 
curves as in the general case of admission and expansion. 

The fact that expansion and compression of a constant weight 
of medium take place according to the law, PV^ = (7, thus becom- 
ing straight lines in the logarithmic diagram, enables us to locate 
cyclic events very closely, even in cases where they cannot be de- 
tected at all in the PF-diagram. 

28. Application. — An example is shown in Fig. 23a, contain- 
ing locomotive PFdiagrams taken at short cut-off and high 
speed. The events of cut-off, release, compression, and lead 
are very difficult to locate on such diagrams. These events 
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are located on the logarithmic diagram in Fig. 23& by noting: 
when the expansion and compression curves become straight, in- 
dicating a constant weight of steam mixture. 

A sufficient number of points are plotted to show clearly the 
direction of the diagram near the events desired. Thus these 
events, even though obscure in the PF-diagram, may be located 
to well within about 1-16 in. in the logarithmic diagram, this 
lengfch being equivalent to about 1-82 in. when re-transferred to 
the P 7- diagram itself. 

The use of this method has one great advantage in that it 
largely eliminates the variable element of personal judgment. It 
is a common occurrence to see Pr-diagrams where two persons 
have located an event such as cut-off, i in. apart, each location be- 
ing the best judgment of the person doing the work. The loga- 
rithmic diagram will at all times give closer locations of events 
for these reasons than will the PF-diagrams. 

The method also allows the point of true compression to be 
located, the location of which is practically impossible in the PV- 
diagram. 

VIII. Rational Method of Detecting Leakaqe 

The law PV^ = (7 is applicable only to cases where the weight 
of the working medium remains practically constant during any 
expansion or compression. When this weight changes materially, 
either by leakage into, or out from, the cylinder containing the 
medium, the resulting expansion or compression no longer obeys 
the law, and it becomes a curve on logarithmic cross-section 
paper. This fact is very clearly shown in the curves of the log- 
arithmic diagram derived from cylinders in which large leaks 
were known to exist. 

29. Examples of Knoton Leakage, (a) Oas Engine. — The 
first case, shown in Fig. 12&, occurred in a 10 in. x 19 in. gas 
engine, intended for producer gas, but using illuminating gas 
at high compression. The piston, a single-acting trunk type, 
allowed a large leak, clearly detected by the noise of escaping 
gas, at the beginning of the stroke. Both the compression and 
expansion curves show the effect of this leak in a clear manner 
when transferred to the logarithmic form. After that portion of 
the stroke was reached where no sound of leakage was heard, the 
two curves became straight lines. This indicated very clearly 
that the effect of leakage, if appreciable, may be detected in the 
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form of the curves of the logarithmic diagram. 

(b) Steam Engive.— The second case, shown in Pig. 136, is 
from a 14 in. x 35 in. Corliss engine. The knowledge of the leaky 
condition of the piston and valves came from the engineer in 
charge. 

The expansion and compression lines indicate by their form 
at the upper ends, a large leak from the cylinder, or through the 
exhaust valve. The lines also shonr, by the rising of the curves 
at the lower ends, a considerable addition to the steam in the 
cylinder during expansion and compression. This steam could 
come only from a large leak in the steam valve. The seven other 
diagrams taken from this same engine all show the effect of leak- 
age in a similar manner. 

(c) Ammonia Compressor, — The third case of known leakage, 
shown in Fig. 14&, is from an 11 i in. x 22- in. double-acting am- 
monia compressor. This cylinder was known to be in very bad 
condition as regards wear and leakage of piston and valves. The 
re-expansion curves, by the enormous amount of re-expansion 
shown, indicate large leakage into the cylinder during this oper- 
ation. The lower part of the compression curves, by rising, in- 
dicates leakage into the cylinder, either past the piston or 
through the discharge valves. The upper part of these curves 
indicates leakage from the cylinder, either past the piston or 
through the suction valves. These three examples show abnor- 
mal conditions which are comparatively rare. 

Very smooth curves may be obtained in the Pr-diagram even 
if there is large leakage taking place. This is seen by referring 
to Pig. 13a, both the expansion and compression curves being 
fairly regular. The logarithmic diagram, however, shows clear- 
ly, in connection with the discussion and the examples shown, 
that large leakage of two kinds was taking place during expan- 
sion and compression. Leakage which occurs during admission 
or during exhaust has no effect upon the lines of the diagram as 
the weight of the medium is continually changing. 

30. Method of Detecting Leakage, — It is seldom found, 
when leakage occurs in a cylinder, that only one source of leak- 
age exists. Leakage is usually the result of wear, which affects 
most of the possible sources of leakage in about an equal propor- 
tion. As a result, several leaks are generally affecting the 
curves. This is the case in Pig. 136 and 146. In Pig. 136, 
leakage was taking place both into and out from the cylinder. 

In discussing leakage, it must be kept in mind that difference 
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in pressure between two regions is the cause of this phenomenon. 
In the steam engine, there are three pressures which must be 
considered, i. e., the pressure in the steam chest, in the cylinder 
at the point discussed, and in the exhaust passafi^. Leakage, 
being due to difference of pressure, becomes material only when 
this difference becomes considerable. Thus leakage into, or oat 
from a steam cylinder has been found to occur, in mostcases, only 
when the pressure difference is over about 20 lb. In Fig. 136, the 
leakage into the cylinder, shown by the lower parts of the lines, 
begins to occur at about 25 lb. absolute, or 35 lb. lower than the 
pressure at admission. The leakage out from the cylinder, 
shown by the upper parts of the lines, ceases to occur at a pres- 
sure of about 40 lb. absolute for the expansion curve, and be- 
gins to occur at about 25 lb. absolute for the compression curve. 
The difference of pressure between the steam in the cylinder and 
that in the exhaust passage is about 35 lb. in the first case, and 
about 20 lb. in the second case. 

31. Division of ttie Lines of Expansion ajid Compression. — 
This fact, found on many diagrams analyzed, enables us to divide 
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the expansion and compression lines roughly into three equal 
parts on the logarithmic diagram (when these lines extend from 
the initial pressure to nearly the back pressure): (1) the upper 
third, influenced by leaks out from the cylinder; (2) the middle 
third, practically uninfluenced by leakage; (3) the lower third, in- 
fluenced by leakage into the cylinder. Thus fairly reliable values 
of n, free from the effect of leakage, may be obtained from the 
middle third of the lines. 

Returning to Fig. 18b, both the lines indicate leaks out from 
the cylinder. This can occur either past the piston or through 
the exhaust valves. The piston generally becomes leaky sooner 
than Corliss exhaust valves, and, in this particular engine, one 
of the piston rings was found to be broken upon examination. 
When diagrams from both ends of the cylinder are available, pis- 
ton leakage causes nearly an equal effect on the expansion- 
curves of both ends. The leakage into the cylinder can come 
from only one source which can influence the curves, i. e. , the 
steam chest. The effect of this leak is seen in both lines in the 
lower thirds. 

In Fig. 14&, both forms of leakage are shown in the ammo- 
nia compression curves. The lower thirds show leakage into the 
cylinder, either through the discharge valves or past the piston. 
The upper thirds of the lines show large leakage from the cyl- 
linder, caused by the condition of either the suction valves or the 
piston. Ordinarily, it is not possible to distinguish between two 
leaks occurring in the same third of the curves. 

82. ApproQcimation of the Volume That Leaked. — Fig. 12& 
is an example where only one kind of leakage is present. Here, 
the piston alone leaked badly at the commencement of the stroke. 
The effect of this leak is seen in the upper third of both lines. 

When only one kind of leakage exists. It is possible to com- 
pute with fair accuracy the volume of leakage taking place dur- 
ing expansion or compression. The lines are extended, as shown 
in Fig. 12&, giving the lines of constant weights of the medium. 
The volume of gas that had leaked during compression, up to 
100 lb. absolute pressure, is then seen to be 0.014 cu. ft., or 6.3 
per cent of the volume remaining. The volume of gas, measured 
at the pressure of 450 lb. absolute, that leaked after combustion 
during expansion, is seen to be 0.032 cu. ft., or 18.7 per cent of 
the volume remaining after the leakage stopped. 

The leakage that took place during combustion at the end of 
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the stroke cannot be computed, but it can be estimated by mak- 
ing the assumption that this leakage was proportional to the 
mean rate of leakage shown by the two curves, and that its dura- 
tion was the time interval occurring between the point A and the 
point B, 

The important result that is attained by this method is not, 
however, the approximation of leakage, but the knowledge that it 
is taking place, so that it can be located and stopped. 

33. The Use of the Method in Testing for Maximum Economy. — 
Many engines are sold and their prices fixed on the basis of their 
test performances. The importance to the manufacturer of being 
able to eliminate leaks during this test does not have to be em- 
phasized. The engineer in charge of the test should know 
whether or not the engine is tight under regular operating con- 
ditions. All of our present knowledge of leakage is an in- 
ference drawn from the leakage **standing". Nobody knows 
whether an engine that is tight **standing" leaks when in opera- 
tion, or vice- versa. This method should be applied to all engines 
about to undergo any test where maximum economy is the object 
desired. 

34. Knowledge as to When General Repairs of the Cylinder and 
Valves Are Necessary. — Leaks are caused by wear, poor design, and 
accidents. The accidents include scoring of cylinders and valves, 
cutting of valves, and cracks in the cylinder. Most leakage is 
the result of wear and tear due to long and hard use. After the 
wear and tear has become marked, it is the custom to rebore the 
cylinder and to resurface the valves and valve seats. 

Several methods are in use for determining when general 
repairs are necessary for steam cylinders. One of these methods 
is to judge the time from the general appearance of the parts on 
inspection. Cylinders are rebored by some engineers when they 
have worn **out of round" by a given amount. In small plants, 
the most general method seems to be to wait until the leakage is 
so large as to become clearly noticeable either by the reduced 
capacity of the unit, or by the effect upon the coal pile. Some 
railroad cDmpaaies overhaul the cylinders and valves of locomo- 
tive cylinders at regular intervals of, for instance, 150 000 miles 
of travel. Some cylinders in stationary plants are rebored at 
equal time intervals of some four or five years each. 

As a pure question of economy, other things not considered, 
general repairs of cylinder and valves should take place when the 
extra annual cost of fuel and water due to leakage equals the 
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annuaJ interest on the money necessary for general repairs. The 
total cost of general repairs is composed of several items: the ac- 
tual cost of the repairs, the cost of losing the unit from service, 
the interest on the cost of the extra capacity that may have to be 
installed to take the load when units are out of service, and the 
interest on the money invested in the unit out of service. 

The existing methods of determining when general repairs 
are necessary are not standardized as regards economy, and the 
personal judgment of the man making the decision may be liable 
to great variation. The method of detecting leakage from the lo- 
garithmic diagram offers a more rational solution of this impor- 
tant question. 

35. Leakage of EngiiieH. — The results of an analysis made in 
connection with this investigation by means of logarithmic dia- 
grams of 296 PF-diagrams taken from the cylinders of 47 engines 
indicate that the majority of engines, in good condition, are prac- 
tically tight as regards leakage into or out from the cylinder. 

IX. Interpretation of the Logarithmic Diagram 

In the discussions upon the effect of wrong clearance, leakage, 
and excessive condensation upon the lines of the logarithmic 
diagram, it was assumed, for the sake of clearness, that only one 
of these effects existed at one time. The examples were selected 
so as to illustrate only one of these effects in each case. 

Cases occur where se\eral of these effects exist at one time 
in the same diagram. The separation of one effect from another 
is not an exact process. However, the character of the curves 
showing excessive condensation, wrong clearance, and leakage is 
quite different. For instance, wrong clearance affects the lines 
throughout their length. Excessive condensation, in the cases of 
the steam diagrams examined, always affects only the upper parts 
of the curves. Leakage, as has been mentioned, affects ma- 
terially only the upper and lower thirds of the lines, where these 
lines extend from the initial pressure to nearly the back pres- 
sure. When excessive condensation and large leakage exist to-* 
gether, no close approximation of the clearance can be made. 

An adequate treatment of the segregation of these various 
effects, when found together, is beyond the scope of this bulletin. 
The treatment is long and complicated. It has been found, how- 
ever, that experience in the use of logarithmic diagrams enables 
one to separate these effects qualitatively, in some cases, from 
the form of the expansion and compression curves. 
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The logarithmic diagram is more useful for analysis than any 
other form of diagram because of the natural limitations of the 
human mind. We do not possess the power to distinguish be- 
tween curves. We are, however, able to see clearly the 
difference in these curves after they have been transformed into 
straight lines, which fact alone makes these new methods of 
analysis possible. We are now enabled in their straight-line 
form, to comprehend curves which we have always seen, but 
could not distinguish one from another in their original form. 

X. Common Errors Made In Analyzing Steam Indicator 

Diagrams 

36. The Use of the Equilateral Hyperbola as a Standard of 
Comparison, — The values of n for the expansion curves of steam 
indicator diagrams are not closely constant but are subject to a 
very wide range of variation. The range of variation found in 
the present investigation is from 0.70 to 1.34. 

The range of values in the engine tested was from 0.835 to 
1.234. The average values were 0.947 for the tests run with sat- 
urated steam, 1.056 for the tests run with superheated steam, and 
1.004 for all tests. 

The values of n for most engines of ordinary size using sat- 
urated steam at normal cut-off is between 0.95 and 1.05, while for 
superheated steam, the range is usually from 1.00 to 1.30. For 
saturated steam, the value of n = 1.0 is about an average value. 

The explanation of the value 7i = 1.0 can be seen from the 
results of the tests given on pp. 11 and 20. The only meaning 
that the average value of n = 1 ever possessed is that the av- 
erage value of Xc , in the class of engines examined, lies in the 
range between 0.60 and 0.70. 

The law of Boyle or Mariotte, or the law of isothermal ex- 
pansion of a perfect gas, has no bearing of any kind whatsoever 
on the expansion of steam in a cylinder. The equilateral hyper- 
bola sometimes occurring in steam cylinders is only a special 
case of expansion according to the polytropic law PV^ = C, while 
Boyle's law is another special case which never occurs in steam 
engine practice. 

Because of the agreement in form between Boyle's law and 
the equilaterial hyperbola (the special case of the law, PV^^^C^ 
where n = 1.0), this latter curve has been called the ideal or 
theoretical curve of expansion to which curves in practice are 
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sapposed to approach as a measure of practical perfection in the 
use of steam. The equilateral hyperbola is in no sense whatso- 
ever an ideal or theoretical curve, and its use for the purposes of 
comparison is an empirical or arbitrary convention only. It 
should be called the conventional expansion. It has ever been 
contended that because an expansion curve did not coincide with 
the equilateral hyperbola, some grave fault exists in the engine. 
A value of n may be as low as 0.60 with no graver fault than very 
excessive initial condensation, while a value of 1.35 maybe found 
from no graver fault than that of using steam superheated 
about 250"* P. 

The only rational use of applying the equilateral hyperbola 
to steam PF-diagrams is to act as a guide to see whether n is 
greater or less than 1.0. If the actual curve is not close to this 
hyperbola, if no faults exist, and if the cylinder is non jacketed, 
then this fact means that the value of Xc for the case examined 
is less than about 0.60 or greater than about 0.70. The assump- 
tion that 71 = 1.0 as a standard of expansion is equivalent to as- 
suming that the value of Xe is standard at about 0.65; however, no 
engineer would seriously propose that the value of Xc of 0.65 
should be selected as a standard of economy. The elaborate 
theory of analysis built on the assumption that n = 1.0 is the 
natural result of the use of averages in any art where the actual 
facts have never been investigated. 

The use of the equilateral hyperbola to predict the form of 
PF-diagrams for the purposes of design is satisfactory in the 
case of ordinary sizes of engines using saturated steam. When 
steam superheated over 100° F. is used, the value of 7i should be 
assumed at between 1.10 and 1.25. The high values of n ob- 
tained with highly superheated steam in large engines alter 
materially the division of work and the tangential forces acting 
from those obtained when n is assumed to be 1.0. This fact 
should be considered in the design of engines to use superheated 
steam. 

The use of the equilateral hyperbola to obtain the ratio known 
as the '^diagram factor" has no rational basis, but its use for 
this purpose gives results which are valuable for the purpose of 
design. 

37 The Graphical Method of Approximating the Clearance. If 
n has the value 1 .0 on a PF-diagram, the clearance may be found 
by locating the zero of volume on the zero line of pressure. This 
process is performed graphically by reversing the method used 
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in constructing the equilateral hyperbola. 

In actual expansions, however, n is almost never exactly 
equal to 1 .0, but is greater or less as already explained. The ac- 
curacy of the result by this method is dependent on how close the 
value of n approximated 1.0. The clearance obtained by this 
method may be as much as 100 per cent larger or smaller than 
the actual clearance volume in ordinary cases, while errors of 25 
per cent and 50 per cent are very common. Where errors of 
this size are possible, the method is of no use for important work. 

A rational method of approximating the clearance cannot be 
based upon the assumption that n = 1.0, but only upon the fact 
that it be of a constant value, the value itself being immaterial. 

38. Combined Steam Indicator Diagrams. — Very little of value 
is obtained from the combined PF-diagrams of steam engines, 
except the measure of the diagram factor for the purpose of 
design. 

One of the uses that has been made of the combined diagram 
is to see whether continuity of expansion exists. It has been 
assumed by various writers that continuity of expansion should 
exist. 

A study of the relations of Xc and n shows that continuity of 
expansion does not and should not exist except under very 
special conditions. 

39. Division of Feed for Applying Hirn's Analysis, — One of the 
requirements of Hirn*s analysis is that we know exactly how 
much steam was admitted to each end of a cylinder. These 
amounts are not usually equal in practice, so an assumption must 
be made to cover the needs of the case. 

The usual assumption is to divide the feed between each end 
of a cylinder in the ratio of the values of the mean effective pres- 
sure shown by the /*r-diagrams from the two ends. This as- 
sumption is probably not far from the actual division in most 
cases, and is the best that can be done under the circumstances. 

In the light of the facts presented in this investigation, this 
feed may now be divided on a more rational basis. It has been 
found that the presence of the piston rod in only one end of the 
cylinder has no appreciable effect upon the value of n. This fact 
enables us to divide the feed according to the volumes filled and 
the values of Xc as determined by the resulting values of n. This 
method is believed to be the closest solution obtainable in the 
case where the supply for each end of the cylinder cannot be 
separately measured. 



CLAYTON — NEW ANALYSIS OP CYLINDER PERFORMANCE 49 

40. Computing the Weight of Steam Retained in Compi-ession. — 
A carefully made investigation indicates, ^ when saturated steam 
is used, that the steam in the cylinder is dry or even very slight- 
ly superheated at the closure of the exhaust valve. As shown 
by the logarithmic diagrams, leakage of the steam in compression 
continues until the exhaust valve, in closing, has acquired con- 
siderable seal. 

The point which is selected to compute the volume of steam 
retained in compression generally lies between the points A to B, 
and to 2> of Pig. 9. As the weight of steam retained is yet de- 
creasing, the point selected nearly always accounts for more 
steam than was actually retained. In other words, we do not find 
the value of a;^ to be as high as it actually is. 

The following method shown in Fig. 9 has been adopted in 
the present investigation. The straight line of the compression 
curve on the logarithmic diagram, or the line of constant weight 
of steam mixture, is prolonged dotted as shown to the back pres- 
sure. The intersection of this prolonged line with the back pres- 
sure line extended is taken as the volume of dry steam retained 
in compression. 

This method almost always gives less steam retained in com- 
pression than the ordiaary method, and is believed to be rational 
in the present state of knowledge of this subject. 

XI. Conclusions 

1. The indicator diagram, taken by means of a correct re- 
ducing motion and with a reliable indicator, contains the evidence 
necessary for a complete and useful analysis of cylinder perform- 
ance. 

2. The logarithmic diagram, derived from the indicator 
diagram, discloses a new and complete analysis of cylinder per- 
formance. 

3. Free from the influences of leakage, wrong clearance,, 
wrong location of the line of zero pressure, and excessively low 
speed (principally in steam engines), expansion or compression 
of an elastic medium takes place substantially according to the 
law, PV" = a 

Jf. The clearance of cylinders may be found by graphical 
trial on logarithmic cross-section paper to within 5 per cent to 10 
per cent of the clearance volume, depending as the clearance it- 



1 Georire Duchesne, Rerue deMecanique. July, 1899, quoted in Power, (Jan. 10, 1911. P. 71). 
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self varies from 20 per cent to 2 per cent, respectively, of the 
piston displacement. 

5. The cyclic events, even though entirely obscure in the 
indicator diagram, may be located on the logarithmic diagram 
(when plotted on logarithmic paper of 5 in^ per square) to within 
iV in., this quantity being the equivalent of about ^ in. when re- 
transferred to the indicator-diagram. 

6. Leakage (if appreciable) may be reliably detected from 
the logarithmic diagram, and may, in some cases, be approximated 
m volume. 

7. The weight of steam ''retained in compression should be 
obtained from the logarithmic diagram by prolonging the line of 
constant weight of steam mixture to. the back pressure line ex- 
tended; the intersection of these two extended lines is the volume 
of steam which is retained. 
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THE LOGABITHMIC DIAGRAM 
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APPENDIX 1 

Method of Constiu gting the L<3Garithmic Diagram 

1. Description of Logarithm ic Ci'oas- section Paper, — LfOgarithm ic 
cross-section paper differs from rectangular cross-section paper 
in that the distances from the origin are proportional to the log- 
arithms of the numbers to be plotted instead of to the nmmbers 
themselves. This system of coordinates gives an uneven scale 
similar to that on a slide rule. The numbers of the divisions on 
logarithmic paper are placed opposite the lines corresponding to 
their logarithms, as on a slide rule, instead of to the values of the 
logarithms of the numbers. This fact aids in plotting, as the log- 
arithms are employed without having to ascertain their values. 

The logarithmic cross section paper used in this investigation 
consists of four squares arranged two each way. These squares 
are five inches each way, making the four squares together ten 
inches each way. The use of four squares enables values to be 
plotted ranging from 0.1 to 10.0, 1.0 to 100.0, etc., thus giving a 
range of ten times the values obtainable if only one square were 
used. 

2. Construction of the Logarithmic Diagram, — The coordinates 
of the Pr-diagram are proportional to pressure and stroke, the 
latter being proportional to the volume displaced by the piston. 
The coordinates of several points on the PF-diagram are found in 
terms of absolute pressures, preferably in pounds per square inch, 
and absolute volumes, preferably in cubic feet. The scale 
of units employed is not material as long as it starts at the line of 
zero pressure, or of zero volume. However, the units are more 
easily manipulated afterwards if they are the same as those in 
the steam tables. 

The method of transferring the PF-diagram to the logarith- 
mic form is described in detail for the diagrams of test 30, given 
in Fig. 15. The method of drawing the pressure ordinates is 
shown on Pig. 15, crank end. The diagram is shown in outline by AB 
YX, Perpendiculars QB aad EX are drawn to the atmospheric line 
EQy and pass through the extreme stroke positions of the diagram. 
The distance EQ is then the length of the diagram. Oif is laid off 
perpendicular to the atmospheric line EQ (extended) which was 
drawn by the indicator pencil. OM is the line of zero volume, and 
is drawn at a distance FE from the admission end EX of the di- 
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agram, the distance FE being the same length in per cent of the 
line EQ^ or length of the diagram, as the proportion that the per 
cent of clearance, or waste space, of the cylinder bears to the pis- 
ton displacement. In this case, the length of the diagram is 3.99 
in. , and the clearance is 7 . 01 per cent. The length FE is therefore 
0.0704 x3.99, or 0.281 in. ON\b the line of zero pressure and is 
drawn a distance FO below the atmospheric line, to the scale of the 
spring used in obtaining the P K-diagram. This distance is propor- 
tional to the barometer reading, corrected for temperature, pre- 
vailing at the day and place of the engine test. In this case, the 




Fig. 15. Head KND (SoAiiS77.0 lb.) 

s 




Fig. 15. Crank End (Scale— 79.0 lb.) 



corrected barometer reading is 14.2 lb. per sq. in. absolute, 



hence, the distance FO is 



14.2 
79.0 



, or 0.180 in. 



From ON^ points are laid off on QR and J?X corresponding to the 
absolute pressures at the intervals where it is desired to read off 
the corresponding volumes. Fine lines are drawn connecting sim- 
ilar pressure points, as 19.8-19.8, 29.1-29.1, etc. The volumes 
O-A, €h-B^ H-Dy ff-Cf etc., are read off in hundredths of an inch 
to the nearest half -hundredth. The tabular form used in this in- 
vestigation is given in Table 6 for the diagrams of Fig. 15 taken 
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in test 30. Thus the length G-A is read off as 0.66 in., and is 
given under the colnmn for 19 . 8 lb. pressure headed Comp. , mean- 
ing the compression curve, for the crank end diagram. The vol- 
umes in inches are then multiplied by the constant ratio which 
one inch of length of the diagram bears to the displacement of the 
piston. From Table 6, it is seen that the piston displacement of 
the crank end is 1.523 cu. ft., and the length of diagram 3.99 in.; 



hence, the ratio i» 



1.523 



3.99 



, or 0.382 cu. ft. of piston displacement 



per inch of diagram length. The length G-A in cu. ft of displace- 
ment now becomes 0.66 in. X 0.382 cu. ft. per in., or 0.252 cu. 
ft. , the volume of steam present at this point. This process is 
repeated at intervals until the coordinates of from ten to thirty 
points are determined. In the diagram shown in Fig. 15, the 
coordinates of 18 points were found in each diagram. 

The coordinates of P and V are then plotted, on logarithmic 
cross-section paper, as shown in Fig. 9, which are the logarithmic 
diagrams derived from the PF-diagrams of Fig. 15. The points 
plotted in Fig. 15 are taken from the columns headed cu. ft. at the 
pressures shown. A smooth curve is drawn through the points 
thus plotted, and the diagram is in shape to be studied. 

TABLE 6 

CONSTBUCTION OF THB LOGARITHMIC DIAGRAMS OF TeST 30* 



No, 



1 
t 

3 
4 
5 

6 
7 
8 




Head End 



Crank Eod 



I 



Volumes 



' Absrilute 
Pressures 
' U>, i>er 
(»(|. in. 



133 
113.4 
95 
76.3 
67.1 
38.0 
29. « 
10.5 
15.0 



Inches 



cu. ft. 



('omT> - Exp 2 
X to A , to Hi ^^^^- I J^'P 



Absolute 

Pressures 

lb. per 

sq. in. 



0.39 


1.18 


o.:n 


1.36 


0.31 


1 625 


0.31 


2.02 


31 


2 705 


0.375 


4.03 


0.48 


4. -.'2 


70 


4.26 


1.10 


3.06 



0.156 
0.124 
0.124 
0.124 
0.124 
0.150 
0.192 
0.279 
0.430 



0.470 

.S425 

0.64D 

0.8055 

1.080 

1.610 

1.6H5 

1.600 

1.220 



13t.3 
115.3 
06.3 
77.3 
58.1 
:«.7 
20.1 
10.8 
15.0 



L6Q(rth of Indicator diacrram 

Ratio of clearance to piston displacement, same end 
L>en»th on diairram proportional to clearance ratio. . 

Lenirth of diairram plus clearance 

Piston displacement (cylinder 12. OS V 24') 

Clearance volume 

Displacement plus clearance . total volume 

Ratio, cu. ft. per inch of length on diagram 

Scale of indicator sprlnir per inch of ordinate 

1 Letters refer to Fifr. 15, cranlc end 

>Final results iriven in Table 1 



Volumes 



inches 



Comp. 



Exp. 



cu. ft. 



Comp. 



Exp. 



0.30 


1.205 


0.115 


0.28 


1.30 


0.107 


0.28 


1.66 


0.107 


0.28 


S.06 


0.107 


0.295 


2.76 


0.113 


0.385 


4.18 


0.147 


0.485 


4.26 


0.185 


0.66 


4.90 


0.25S 


0.03 


3.77 


0.355 



3 


4 
1 

1 

77 



H E. 
95 in . 
0780 
312 in. 
,26 in. 
575 cu.ft. 
124 cu. ft. 
e09 cu.ft. 
399 cu.ft. 
lb. 



O.4605 

0.531 

O.6905 

0.7875 

1.065 

1 572 

1.616 

1.600 

1.440 



CR. B. 
3.00 in. 
0.0704 
0.281 In. 
4.27 
1.523 
0.107 
1 690 
0.382 
70.0 



in. 
cu. 
cu 

cu. ft. 
ou. ft. 
lb. 



ft. 
ft. 
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Application op the Law PV^ = C to curves 

PROM Practice 

3. Does the Law PV^ = C Hold for Curves from Practice? It 
has long been known that adiabatic expansion or compression of 
any elastic medium takes place substantially according to the law 
PV^ =(7. The values of n are different for different media, and 
sometimes vary for the same medium with different conditions of 
the initial state. These values, for media commonly used in re- 
ciprocating engines, are given on page 38 et seq. 

In practice, however, expansion is never adiabatic, but is 
changed in character by the presence of the metal surrounding 
the working medium, and by imperfection of mechanism. Since 
the actual change of state is not adiabatic, the question arises how 
it has been changed in character, and whether this modified ex- 
pansion still obeys the law PV^ =C. 

Many investigators, Zeuner,* Leloutre,' Luders,* and Perry*, 
have examined the curves from actual diagrams to clear up this 
point for steam. They find that expansion in steam cylinders 
takes place substantially according to the law PV*^ == (7, but that 
n varies in value between wide limits in different cases. 

An examination was made of the curves of 296 diagrams from 
the cylinders of 47 different engines using steam, gas, air and 
ammonia to investigate this point. As a result, it may be stated 
that, in the cases of the great majority of engines using elastic 
media, expansion and compression take place substantially ac- 
cording to the law PT" = O. Certain exceptions, however, have 
been found, and the causes studied. These causes are treated in 
the next section. 

4. Examples of Logarithmic Diagrams from Various Types of 
Engines, — The logarithmic diagrams, obtained by plotting the 
indicator diagrams as described on p. 52, are of a distinctly 
different form from either the PF-diagrams or the temperature- 
entropy diagram. While the various typical forms of PF-diagrams 
assume rather different forms after plotting, yet the resultant fig- 
ures retain in a general way the peculiar characteristics of each 
Pr-type, except that these peculiarities are exaggerated. 

Various typical PF-diagrams are given in Fig. 16-29. 
They include examples from many types of engines, using steam. 



1 Technical Thermodynamics II. p. 111. 

2 Recherches ezperimentals. Bulletin de la Societe industrielle du Nord de la France, 1874' 

3 Zur Theoriedes Indikator dia^rrammes. Zivllinvenieur. 1881. Vol. XXVII. p. 225. 

4 The Steam Engine, p. 106. 
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Fig. 16a. Crank End (Scale— 50 lb.) 
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Pig. 18a. High Pbessubb (Scalb-80lb.) 
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Fig. 19a. Rice and Saboknt 16-in. zt»-iN. x4»-in. Supbbheatsd Stbam 

Engine (Scale— 64. 6 lb.) 
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Fig . flOa. ( Sc alb— IQS lb. ) 
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Fig. 21a. « Scale— 80 lb.) 
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Fig. sta. H. P. Top (Scalv— ioolb.) 




Pig. tto. H. P. Bottom (Scale— ICO lb.) 




Fig. S2a. I. P. Top (Scale— «) lb.) 
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Pio. ita. I. P. Bottom (Scals— 90 bl.) 




Fio. SSa. L. P. Top (Scale— 10 lb.) 




Fig. na. L. P. Bottom (Sgals— 10 lb.) 
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Fio. S3a Head End (Scai<x— ISOlb.) 




Fio. S3a. CbankEitd (Sgalv— 160lb.) 
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Fig. 94a. HvadEnd (Scalk— IOOlb.) 




Fig. 24a. Cbank End (Scalb— IOOlb.) 
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Fig. 85a. (Scale— leo lb.) 
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Fig. Ma. (Scalk400lb.) 
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Fio.27a HighPbkssurb (Scale— 120 lb.) 




Fig. 27a Low Pbbssure (Scalb— 40l.b.) 
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Fig. J9a. (Scale— 138 lb.) 
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gas, air and ammonia as the active media. The values of n for 
the curves are given in each figure. The types of steam engines 
represented include Corliss, high speed, auxiliary cut-off, poppet 
valve, single acting, pumping and locomotive engines. The gas- 
engine diagrams include two four cycle types, one using blast 
furnace gas, and the other a Diesel engine using crude petroleum. 
The air diagrams contain one set from a compound air locomotive, 
and one set from a two-stage air compressor. 

These figures show most of the typical forms of diagrams 
that are obtained in practice. At first sight, the logarithmic dia- 
grams look distorted, but after the meanings of the different lines 
become clear, they begin to seem as natural as the PF-diagram. 
These logarithmic diagrams show how closely the law PV*^ = O 
holds in actual curves from a great variety of engines using dif- 
erent media. 

5. Cases Where the Law PV^ =C Does Not Hold. — ^The curves 
of expansion and compression, obtained from PF-diagrams, do 
not always follow the law PV^ = C, This fact is due to several 
causes, some of which have been definitely determined. These 
causes will be treated separately. 

a. Wrong Clearance, or Wrong Location of the Zero Line of 
Pressure, — The law PV^ =C, is true only where Pand Fare mea- 
sured in absolute units. The clearance must be accurately deter- 
mined in order to give absolute values of F. The scale of the 
spring, for the PF-diagram analyzed, must be known, and the 
atmospheric line drawn by the indicator, in order to locate the 
zero line of pressure. The units used for P or F may be of any 
denomination, but they must be measured from the zero of Pand F. 

When a curve, PV^ = C, is plotted on logarithmic paper, the 
resultant curve is a straight line. The value of 7i, as already 
explained, is the slope of this line, measured from any two points. 
When the values of Pand F are not absolute values, this curve is 
no longer a straight line, but becomes a curve of the second degree. 
The value of n being the slope obtained from two points on this 
curve, is no longer constant for all parts of the curve, but varies 
from point to point. Therefore, when PF-diagrams are trans- 
formed to logarithmic diagrams, the values of both P and F must 
be measured in absolute units. When these values are not in 
absolute units, the resulting curve is not of the form, PV*^ = C, 
and therefore is not a straight line on logarithmic paper. The 
form of the curve obtained, when the values of V alone are not in 
absolute units, is given in Pig. 106. 
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b. Leakage. — The law PF** =C, is applicable only to cases 
where the weight of the working medium remains practically 
constant during any expansion or compression. When this 
weight changes materially either by leakage into, or out from, 
the cylinder containing the medium, the resulting curve no longer 
obeys the law, and it becomes a curve in the logarithmic diagram. 
This fact is very clearly shown in the curves of the logarithmic 
diagram derived from cylinders in which large leaks were known 
to exist. The examples showing this condition are shown in 
pp. 39, 41, 42. 

c. Low Speed in Steam Engines. — Very low speeds of rotation, 
together with very low piston speeds, will cause the compression 
curve to deviate from the law PV^ = C. The most common cases 
of this effect are seen in the **hook", or excessive condensation, 
near the upper end of compression curves. These '*hooks" are 
found almost altogether in small engines having very low piston 
speeds, and in larger engines with small clearance, having very 
low rotational speeds, as in pumping engines. 

Diagrams containing **hooks"in the compression curves have 
been published by Professor Dwelshauvers-Dery^ from the exper- 
imental engine at Liege. This is an example of a very low speed 
in a small engine. The size was 12 in. x 24 in. and the speed 
from 30 to 60 r. p. m. That this hook was caused by low speed 
and consequent excessive condensation was proved in a measure 
in the case of the engine described on page 88. This engine was 
also 12 in. X 24 in., but was operated at from 90 to 150 r. p. m. 
In no case was a hook in the compression curve obtained during 
the tests, although some 1600 diagrams were taken. A set of 
diagrams from these tests is shown in Fig. 15 and shows no sign 
of a hook. On one occasion, however, the diagram shown in Fig. 
30 was obtained. This was taken just after the engine was start- 
ed from cold, and had been brought up to a speed of 120 r. p. m. 
In conjunction with the other diagrams obtained from this engine 
in regular operation, this hook is believed to be due to excessive 




Fig. 30. Taken Whilb Starting from Cot.d 



1 Power, June 2S. IIIO. p. 1165. 
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coDdensation while the cylinder was comparatively cold. 

Diagrams with the hook present in the compression cnri^es 
have been obtained from two other engines; one was an 8i in. x 
12 in., running 110 r. p. m., and the other, 5 in. x 6 in., running 
140 r. p. m. 

This excessive condensation at the end of compression, or 
near the dead center, seems to be due to the fact that the dele- 
terious surface effect of the cylinder walls is so enormous, com 
pared with the weight and volume of steam present at this point. 

The three causes treated above are believed to be the import- 
ant conditions that cause the curves in practice to depart materi- 
ally from the law P7* = (7. Sometimes only one of these condi- 
tions is present, while in the other cases, a combination of these 
may influence the resulting curves. The separation of these 
conditions by their effect on the curves is treated in page 45. 

Values of n Prom Practice. 

6. Steam Engines. — The values of n for the expansion and 
compression curves of indicator diagrams are subject to a wide 
variation. Zeuner^ gives the values of n found by several early 
investigators. These values were taken mostly from the dia- 
grams of small and slow-speed engines. Leloutre found that the 
value of n was practically constant for any one case, but varied 
greatly in different engines, according to the initial pressure and 
ratio of expansion. Ltlders found values ranging from 0.903 to 
0.535. Zeuner found values of from 0.900 to 0.436 from diagrams 
taken by Hallauer from a Corliss engine. In none of these cases 
was n found to be as high as 1.0. Zeuner concludes that the 
value is generally close to 1.0, and does not vary much either way. 

Heck' shows diagrams from the cylinders of compound Cor- 
liss engines, locomotives, pumping engines, and marine engines, 
all using saturated steam. The values of n for saturated steam 
from the expansion curves of the h. p. cylinders of these engines 
are all close to 1.0. The values for the 1. p. expansion curves are 
generally less than 1.0, ranging from about 0.95 to 0.90. The 
values for the compression curves shown do not depart far from 
1.0. 

A large number of curves have been examined by the graph- 
ical method described on page 52. These examples, shown in Ta- 
ble 7-14, may be classed as follows: 



1 Technical Thermodyo amies. II. p. 111. 

2 The Steam Engine. II. p- 476. 
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Class A. Corliss, four-valve, and riding-cut-oflf types, all simple expan- 
sion 

B. Same, compound. 

C. Same, triple expansion. 

D. Gridiron valve type, compound, steam jacketed. 

E. Poppet valve type. 

F. High speed engines, single valve types. 

G. Single-acting engines. 
H. Locomotive engines. 

These classes cover the values derived from 138 diagrams 
taken from 86 separate engines. On page 8, are given the values 
obtained from 60 sets of diagrams taken from a 12 in. X 24 in. 
Corliss engine. 

The values given in Tables 7-14 are the average values from 
both ends of one cylinder, and, in the case of two-cylinder simple 
engines, from both ends of both cylinders. In many cases only 
the expansion curves were examined. 

These diagrams were taken from cylinders ranging in size 
from Hi in. x 13 in. up to 80 in. x 60 in., and in speed from 300 
r. p. m. down to 23.6 r. p. m. Most of the cylinders were un jack- 
eted. Examples of both saturated and superheated steam are 
shown. It will be seen, therefore, that the range of the exhibit 
is very broad. 

It is evident that the values of n are subject to extremely 
wide variations, the range being from 0.486, found by Zeuner, up 
to 1.341, found in this investigation in the case of an engine us- 
ing highly superheated steam. It is true, however, that the av- 
erage of aU the values cited is not far from 1.0. 

7. Oas Engines, — The values of n for the curves of gas en- 
gine diagrams have a smaller range of variation than that found 
in steam diagrams. 

GUldner^ finds that the value of n for the compression curves 
varies from 1.30 to 1.38, with an average of about 1.35, but he 
mentions rare values higher than the adiabatic value, due to high 
temperature of cylinder walls, and the consequent addition of 
heat to the gas during compression. He finds that n for expan- 
sion' varies normally from 1.35 to 1.50, but cites lower values 
than 1.35 due to leakage, and higher values than 1.50 due to ex- 
cessive temperature of cylinder walls from poor cooling. 



1 Internal Combustion En^nes. p. 34. 
'Internal Combustion Engines, p. 38. 
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Wimperis' gives the values found by Professor Burstall from 
diagrams taken during 10 tests on the same engine, presumably. 
Professor Burstall finds n for expansion to vary from 1.199 to 
1.344, with an average of 1.2^S. The values of n for compression 
vary from 1.345 to 1.364, with an average of 1.352. 

The examination of 17 diagrams from 5 separate engines 
gave values for expansion and compression as given in Table 15. 
These values given show that the variation of n for expansion is 
ordinarily from 1.10 to 1.37, while for compression it is from 



TABLE 7 
Values of n From Class A Steam Engines 





Value of n 


1 




Size 
iDches 




No. of 
Diagrams ■ Make 


Itemarlu 






ExpansiioQ 


CompressioD 


Bxamined 




18^ z 43 


0.052 


1.007 


2 


Greene 


Saturated steam 


• > 


0.998 


1.115 


2 


. . 




154 X 24 


1.049 


1.170 




Buckeye 




t6Hx36 


0.928 


1.063 




t . 




• t 


0.823 


1.036 




• • 




1 1 


0.996 


1.121 




t « 




sozao 


0.624 


0.085 










1.024 


0.092 








18x42 


1.047 


0.994 




Unknown 




16x32 


1.065 


1.154 




Buckeye 






1.111 


1.341 ' 




« k 




16 H X 32 


0.961 




2 


Unknown 




261-'., X 48 


1.051 




2 


• • 




17x24.2 


1.131 




4 


• • 




23x60 


1.09H 




2 


• t 




28H X 59H 


1.108 




2 


1 1 




11 Engines 


Total— 34 Diagrams 





TABLE 8 
Values of n From Class B Stbam Engines 



Size 

inches 


Expansion 


Compression 


No. of 


Make 












Diagrams 


Remarks 


h. p. 


1. p. 


b. p. 


I. p. 


Examined 






18^ X 36 X 36 


1.060 


0.896 








Buckeye 


Saturated steam 


15 X 40^ X 27 


955 










Fleming 




20 X 36 X 48 


1.055 


0.973 


0.973 


0.742 




Watts Campbell 




21 X 42 X 36 


1.068 




0.987 






Gaskell 




S5 X 50 X 37 


0.841 0.879 


O.K5() 






Worthington 




22 X 40 X 60 


1.070 1.009 


1.018 


1.272 




Harris-Corliss 


Cyls. jacketed 


20 X 36 X 48 


1.070 


0.977 








Watts Campbell 


' non-jacketed 


16 X 40 X 48 


1.090 


0.050 








Cooper Corliss 




• t 


1.048 


1.116 








• . 1 • 


Cyls. jacketed 


8 Engines 






Total— 38 Diagrams 



9 The Internal Combustion Engine, p. 73. 
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TABLE 9 
Values of n From Class C Steam Engines 





ExpaDsion 


No. of 
Diafirram.<) 
Examined 




Size 
inches 


li. p. 


1. p. 


1. p. 


Remarks 


28x54x80x60 


0.067 


1.112 


0.064 


6 


Saturated steam 
Cylinders Jacketed 



Compression 



X54x80xfl0 
1 Engine 



0.064 



0.416 



0.072 



Total— 6 Diagrams 



TABLE 10 
Values of n From Class D Steam Engines 





Expansion 


No. Of 
Diagrams 


Make 




Size 
inches 






Remarks 


h. p. 


1. p. 


•Ex«imined 






28 X 58 X 48 


1.046 


1.070 




Mcintosh 


Superheated steam 


23 X 48 X 48 


0.055 


0.060 




Seymour & Co. 


Jackets not used 


• » 




1.108 








« t 


0.005 


0.925 








t i 


l.UO 


1.075 








20x60x66 




1.231 








89x60x56 




1.172 








18x38x42 


I.ITO 


0.025 








18 X 38 X 42 


1.118 


1.087 








31 X 64 X 48 


1.024 


0.073 








7 Enifines 




T< 


3tal-l7 Dia 


grams 





TABLE 11 
Values of n From Class E Steam Engines 



Size 
inches 



Expansion 


Com- 
pression 


lis 


h.p 


1. p. 


h. p. 


1. p. 



Make 



Remarks 



16 X 28 X 42 



23H X 3lH 
2 Engines 



1.341 
1.260 
1.203 
1.033 
1.197 



1.141 
1.18U 
1.152 
1.011 



0.720 
1.262 
0.980 



1.048 
1.210 
0.989 



0.710 1.060 
1.057 



2 
2 
2 
2 
2 



Rice and Sargent 



Stumpf Straight Flow 
Total— 10 Diagrams 



Highly superheated steam 

Saturated steam 

Highly superheated steam 



TABLE 12 
Values of n From Class F Steam Engines 



Size 
inches 


Expansion 
h. p. 


No. of 
DiaKrams 
Examined 


Make 


Remarks 


U% X 13 
16 xl6 

11HX18H 


0.970 

1.027 

\ 0.706 


2 
2 

2 


Unknown 

Ide 
Unknown 


Saturated steam 

• 



3 Engines 



Total— 6 Diagrams 
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TABLE 13 
Values of n From Glass G Steam Engines 



Size 
inches 



Expansion 



h. p. 



1. p. 



No. of 
Dia^Tams 
Examined 



Make 



Remarks 



13 X IS X 13 



1 Enirine 



1.073 
1.054 
1.062 



• 0.874 
0.86S 



S 

s 

1 



WestiDff house 



Saturated steam 



Total— 5 Diagrams 



TABLE 14 
Values of n From Class H Steam Engines 



3 Engines 



Size 
inches 


Expansion 


Compres- 
sion 


No. of 
Diagrams 
Examined 


Make 


Remarks 


16x24 


1.003 




1 
4 'Schenectady No. 2 


Saturated steam 


22x30 


0.985 


0.987 


2 1 L C. No. 940 




• • 


0.981 




2 


« • 




22x30 


975 


0.970 


2 


I. C. No. 920 




• • 


1.006 


1.125 


2 




16x24 


0.974 


1.208 


2 Schenectady No. 3 


Superheated steam 




1.124 


1.179 


2 




• t 


1.167 


1.195 


2 




1 1 


1.046 


1.188 


2 


« t 




• 1 


1.149 




2 


• • 





Total— 22 Diagrams 



TABLE 15 
Values of n From 4-Cycle Gas Engines 



Size 
inches 


Expansion 


Compression 


No. of 
Diagrams 


Make 


Gas Used 






Examined 






10x19 


1.36 


1.19 




Otto 


Illuminating 


i t 


1.37 


1.09 




• . 




• i 


1.27 


1.26 




. t 




1 « 


1.21 


1.35 




1 1 




> < 


1.26 


1.35 




• 1 




t • 


1.25 


1.74 




t « 




• • 


1.30 


1.43 




. t 




1 1 


1.16 


1.27 




t • 




• • 


1.21 


1.43 




t • 




42x60 


1.16 


1.32 




Tod 


Blast furnace 




1.16 


1.30 




. > 




« t 


1.09 


1.32 




> t 




32x42 


1.18 


1.34 




Allis-Chalmers 


Producer 


2596x379^ 


1.12 


1.24 




Koerting 




16x24 


1.10 


1.20 




Diesel 


Petroleum 


• f 


1.11 


1.22 




k t 




1 1 


1.02 


1.22 




• k 




5 Engines 




T 


'otal— 17 Diagrams 
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TABLE 16 
Yaluks of n From Compressed Air Locomotives 



Size 
inches 



Ezpaosion 



h. p. 



1.P 



No. of 
Diagrams 
Examined 



Make 



5 X 10 z 10 
6x10 

S Engines 



1.123 
1.369 



1.3M 



4 

4 



Porter 



Total— 8 Diagrams 



TABLE 17 
Values of n From Aib Compressors 



Size 


Compression 


No. of 
Diairrams 
Examined 


Make 




inches 


h. p. 


l.p. 


Remarks 


ISk z 18M X 12 

■ • 

1 Compresiior 


1.336 
1.266 


1.219 
1.254 

1 


4 
4 

'otal— 8 Diair 


Incrersoll-Sar(rent 
rams 


Small amt. of cooling water 
Lartje 



TABLE 18 
Values of n From AmmoniaCompressors 



Size 
inches 



12Hxl8 
12H z 18 



2 Compressors 



.'ompresslon 



No of 
Diagrams 
Examined 



Make 



1.148 
1.186 
1.-J35 



1 
2 
2 



Total— 5 Diagrams 



York 



Remarks 



Dry comp. sing, acting 
Doub. '• 
Wet compression 



Size 
inches 



S8MZ24 



1 Compressor 



TABLE 19 

Values of n From Gas Compressors 



Compression 



No. of 
Diagrams 
Ezamined 



Make 



Remarks 



1.140 
1.145 



2 

2 



Ingersoll-Sargent 



Illuminating gas 



Total— 4 Diagrams 
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about 1.20 to 1.40, leaving out of account very high values due to 
imperfect cooling and very low values due to leakage and to cool 
walls during the period of ''starting up.*' The values of n are 
low for expansion in large cylinders with lean gases, being about 
the same as those found in steam cylinders using superheated 
steam. 

8. Compressed Air Engines. —Very few data have been found 
concerning the values of n from diagrams taken from compressed 
air engines. Locomotives comprise the large part of this class 
which use air expansively . 

Curves were examined from eight diagrams taken from the 
four cylinders of two locomotives, one a compound, and the other 
a simple expansion type. The results are given in Table 16. 

The expansion curves of these diagrams were very satisfac- 
tory, but the compression curves were all irregular, and no val- 
ues were obtained from most of them. This irregularity was 
probably due to the vibration that is present in most locomotives 
under running conditions. The values for (expansion range from 
about 1.12 to 1.37. 

9. Air Compressors, — Only 8 diagrams from one two-stage 
compressor were available for examination. The values of n for 
compression are given in Table 17. No values for re-expansion 
were obtained. 

The values for compression in air compressors do not vary 
much, and will generally fall between 1.20 and 1.35. 

10. Ammonia Compressors. — The examples available of this 
type of compressor were limited to 5 diagrams from 2 compres- 
sors. The compression curves were very satisfactory, but the re- 
expansion curves were quite irregular. These values will be found 
in Table 18. The values found fall between about 1.15 and 1.24, 
very little variation being observed. 

11. Oas Compressors. — This class refers to compressors used 
to raise the pressure of illuminating gas in order to send it to 
distant points in small pipes. The analysis of the gas compressed 

in the single case examined is given on page 88. Values of n 
were obtained for the compression curves only. These values are 
given in Table 19. Although taken at different conditions of the 
speed and the discharge pressure, these values show substantial 
agreement, but are considerably lower than the values obtained 
for air compression. 
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Theoretical Values op k for Adiabatic Expansion 

The relations of P and V during adiabatic expansion of steam 
and gases may be closely represented by the equation for the 
poly tropic curve PF* =0. 

The value of k for steam depends upon the initial state, while 

for gases k is equal to the ratio 7^' 
12. Values of k f<yr Steam. 

(a) Saturated Steam. Rankine^ gives the value of fc as -q-' 

or 1 .111, applicable to all initial states. 

Grashof examined the condition of initially dry saturated 
steam and gives the value of A: as 1 . 140. 

Zeuner" examined the condition generally occurring in engi- 
neering practice, where the steam is initially composed of a mix- 
ture of vapor and water, and gives the relation 

A: = l. 035+0. la-. 
He found the influence of initial pressure to be negligible. 

Mr. E. H. Stone* examined the condition of various initial 
states of pressure and quality, using the tables of Marks and 
Davis, and gives the relation 

A; = 1. 059 — 0.000315P + (0. 0706 + 0. 000376P)x. 

Table 20 was computed from this equation and expresses the 
relations of P and Kwith an average error of less than 0.2%. 

(b) Superheated Steam. Zeuner^ gives the value of k as con- 

4 

stant at-5-, or 1.833. Several conditions have been examined for 
o 

the initial state of 200 lb. absolute pressure with the superheat 
varying from 80** to 530°. The relations of P and V were com- 
puted from Professor G. A. Goodenough's characteristic equa- 
tions^ for superheated steam. 

It has been found, after many trials, that these relations are 
closely expressed by the equation 

P(I^+ 0.088)^'*^= C. 
This equation expresses the relations of P and V with an average 
error of about 0.5 percent. The initial pressure and the degree 



1 The Steam EDsrine. p S85. 

* Zeitschrlft des Verelnsdeutscher InKCDieure. Vol. VIII. p 151. 
3 TechDical Thermodynamics II. p.83. 

* Thesis. University of Illinois. 1910. 
•^Technical Thermodynamics, II, p. 223. 

* Principles of Thermodynamics, p. 203. 
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of superheat have very little effect upon the value of k for the 
ranges commonly used in practice. 

18. Values for Oases, — ^The values of k for gaseous mixtures 
commonly used in gas engines exhibit considerable variation due 
to the variation in the relative proportion of the constituents. 

The value of k for any gas is the value of the ratio ^ ' and its 

constancy depends on the relative constancy of the value of C^ 
and Cv at different temperatures. It seems certain, from experi- 
ments of Mallard and Le Chatelier, that the values of Cp and Cv in- 

crease with increase of temperatures, but that the ratio -^ ^ at tem- 

peratures common to actual gas engine cycles, is very closely 
constant. 

Most of the following data on the value of k for gases has 
been taken from Guldner^. The value of k depends, in any par- 
ticular mixture, upon the relative proportion of the constituents. 
This may be seen from the values of k for different gases given in 
Table 21, from Guldner. This table shows that by different pro- 
portions of these gases in a mixture, values of k may be obtained 
between the extreme limits of 1 . 210 and 1 . 418. Thus k for illum- 
inating gas alone, for example, may have a value of 1.332, while 
for a mixture of this gas with air in the proportion of 1 to 12, the 
value rises to 1.402, or very nearly the value of pure air. After 
combustion, the analysis of the gas changes, causing a change of 
A;, the effect being a lowering of its value because of the increase 
in proportion of CO2 and HgO. Thus for the mixture cited above 
the value of fc after combustion is 1.387, a drop of 1.1 percent. 
This, in a hypothetical case of an ideal gas engine cycle, would 
cause an appreciable difference in the form of the expansion curve. 

Table 22 gives all the data necessary to compute the value of 
k for the case of one sample of illuminating gas without air. The 
case of this same illuminating gas with varying ratios of ^ is 

given in Table 23. This table gives the data for the same gas 
with the varying combustible ratios of ^ such as would obtain in 
gas engine practice. 

Table 24 gives the data and values after combustion of the 
different mixtures of Table 23. 

The value of k for any particular gas or gaseous mixture is 
found as in Table 22. In general, rich gases, such as illuminat- 
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TABLE 20 

Adjabatio Values* of k for Various Initial 
States of Pressure and Quality 











Initial Pressure 
lb. persq. in. abs. 










Inltiftl 


























Quality 


20 


40 


60 


80 


100 


120 


140 


160 


180 


200 


220 


240 


1.00 


1.131 


1.132 


1.133 


1.134 


1.136 


1.137 


1.138 


1.139 


1.141 


1.142 


1.148 


1.145 


0.95 


1.127 


1.128 


1.128 


1.129 


1.181 


1.131 


1.133 


1.132 


1.134 


1.135 


1.135 


1.187 


0.90 


1.123 


1.123 


1.124 


1.124 


1.126 


1.125 


1.127 


1.126 


1.127 


1.127 


1.128 


1.129 


0.86 


1.119 


1.119 


1.119 


1.119 


1.120 


1.120 


1.119 


1.119 


1.120 


1.120 


1.120 


1.121 


0.80 


1.115 


1.115 


1.114 


1.114 


1.114 


1.114 


1.113 


1.113 


1.113 


1.113 


1.112 


1.112 


0.75 


1.111 


1.110 


1.110 


1.109 


1.109 


1.106 


1.107 


1.106 


1.106 


1.105 


1.104 


1.104 


0.70 


1.106 


1.106 


1.105 


1.104 


1.104 


1.102 


1.101 


1.100 


1.099 


1.096 


1.097 


1.096 


0.65 


1.104 


1.102 


I.IOI 


1.099 


1.096 


1.096 


1.095 


1.093 


1.092 


1.091 


1.089 


1.088 


0.60 


1.100 


1.096 


1.096 


1.094 


1.093 


1.091 


1.089 


1.087 


1.085 


1.084 


1.061 


1.060 


0.55 


1.090 


1.093 


1.092 


1.069 


1.067 


1.085 


1.083 


1.080 


1.078 


1.076 


1.074 


1.072 


0.50 


1.092 


1.069 


1.087 


1.064 


1.062 


1.079 


1.077 


1.074 


1.071 


1.069 


1.066 


1.064 



^Values calculated by equation l;»l. 060— 0.000315 P + (0.0706 + 0.000376 P) x 



TABLE 21 

Adiabatig Values OF k 
for Various Gases 



Gas 


Value of k 


H 


1.412 


OH 4 


1.270 


CO 


1.408 


C2H4 


1.210 


COS 


1.293 


O 


1.418 


N 


1.408 


H20 


1.305 


Air 


1.410 



TABLE 22 

Adiabatig Values of k for an Average 
German Illuminating Gas 



Gases 


Composition by 


Cv 


Cv 


GXCp 


<?XCte 




Volume 


Weight 




H 

CH4 

CO 

G2H4 

COS 
O 
N 


0.485 

0.350 

0.070 

0.045 

0.020 

0.0025 

0.0275 


0.0645 
0.4dS5 
0.1708 
0.1093 
0.0765 
0'0070 
0.0670 


3.430 
0.503 
0.245 
0.400 
0.200 
0.217 
0.245 


2.430 
0.468 
0.174 
0.390 
0.155 
0.153 
0.174 


0.2890 
0.2880 
0.0116 
0.0437 
0.0153 
0.0015 
0.0164 


0.2060 
0.2270 
0.0296 
0.0360 
0.0119 
0.0019 
0.G117 



* = r 



0.6965 



0.5231 



Total 



= 1.330 



0.6955 



0.5231 
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TABLE 23 
Adiabatio Values of A* fok Illuminating Gas op 

AIB 



Table 22 with Vabious Ratios 



OAS 



Batio 



air 
gas 



by vol- 



8 




It 



air 

Batio by wt. 

?as 



15 



10 



SO 



Wt. per cu. ft. of Mix- 
tare 



'' lb. I 0.0731 I 0.0748 0.0757 0.07W 



rp 



0.2667 0.2596 0.2556 i 0.2S27 



Cr 




0.1828 0.1803 



k 



1.393 1.397 1.399 

I ' 



1.401 



TABLE 24 

Adiabatic Values of A- b^ob Gas Given 
IN Table 23, Afteb Combustion 



Volume Batio 


air 
iras 


6 


1 
1 

1 8 


10 

0.530 
1.275 
1.000 
7.928 


12 






Combustion of 

Burned Gases. 

volumes 


CO2 



N 


0.530 
1.27.> 
0.150 
4.7(J8 


0.5S0 
1.275 
0.570 
6.348 


0.530 
1.275 
1.410 
9 506 




Constants for 
Burned Uanes 
from 1 lb. 


Cv 


0.2787 
2035 


0.2674 

0.1940 1 

1 


0.2623 
0.1894 


0.2566 
0.1851 






k 


1.370 


1.380 


1.885 1 

1 


1.387 
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ing gas or natural gas, require very large ratios of -^ and there- 
gas 

lore the resulting mixtures have values of k very near the value 
for pure air, 1.405. In the case of lean gases, as blast furnace 
gas, or producer gas, requiring small ratios of — the value of k 
is lower or nearer the value k for the gas alone. The limits for 
ordinary gases and mixtures are between the values of 1.320 and 
1.405, while after combustion these values are lowered somewhat, 
in general about 1 to 2 per cent. The range of values for gaseous 
mixtures is not nearly so large as with steam. 

14. Values for Air Compressors, — The proportion of the con- 
stituents of air is almost always constant, so that the values 
<7pand Oc are always constant if we are discussing them in tem- 
peratures in the range of compressor practice. This makes the 
ratio of k constant. The value of k for air has been determined 
many times by different investigators in different ways. The 
degree of variation in determining this constant will be seen from 
Table 25. Zeuner^ after discussing all the values and the exper- 
iments supporting them, concludes that the value 1.410 most 
clearly fits the case of pure dry air. Zeuner also shows that in 
cases of water injection in compressors, used to keep down the 
temperature, the value of k does not change materially from 
1.410. The true value seems to lie between 1.405 and 1.410. 

15. Values for Compressed Air Engines. — The temperatures 
existing in the engines using compressed air for the active med- 
ium are not far below that existing in compressors. Within the 
range covered by both, the value of k is, as far as can be ascer- 
tained, practically constant. 

16. Values for Ammonia. — The properties of ammonia have 
not been so thoroughly investigated experimentally as those of 
air and the vapor of water . The value of k, depending on the value 

of the ratios — , therefore is not so certain as the values for the 

Or 

other working media given. Various determinations place the 
value of k as between 1.30 and 1.333, these values being some- 
what similar to those of superheated steam. 

17. Values for Illuminating Gas and CO^. — Illuminating gas 
is often compressed to send it to outlying districts in cities, and 
there its pressure is reduced for distribution. The value of k 

here depends in each case on the value of the ratio 77- from the 
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analysis of the particular gas compressed. The analysis and 
valaes of the gas, made by the New Orleans Gas Company, New 
Orleans, La., which is compressed to send it to outlying districts 
of New Orleans, is given in Table 26. 

The value of k for this gas, 1.349, is considerably highertiian 
the value of the gas given in Table 22, 1.332. This is due to the 
very much larger proportion of CO in the gas of Table 28, and 
illustrates well the variation of this value with gases of similar 
heating value, but with a different proportion of the same constit- 
uents. Lummer and Pringsheim give the value of k for CO^ as 
1.2961 from their experiments. Guldner gives the value as 1.293. 

TABLE 25 

Adiabatic Values of 

k FOR AiB Obtained 

BT Vabious Ez- 

PKBIMENTERS 



Experimenter 


Value 


t 




La Place 


1.403 


DulODff 


l.Ul 


WullneratSl" 


1.40SS 


at Jit*' 


1.40f9 


Clement 


1.S50 


Masson 


1.419 


Htrn 


1.384 


Welsbacb 


1.40S 


Cazin 


1.410 


Rontiren 


1.405 


Lummer and 




Prlnffsbeim 


1.4015 



TABLE 26 
Adiabatic Values of k fob an Illuminating Gar 



I 


II 


HI 


IV 


V 


VI 


Constituents 


Per Cent 


Wt. of 1 cu. 


Wt. In 1 cu. ft. 


Ratio f^- 


IVi V 




Weight 


ft. lb. 


ofThlsOas,ib. 




C02 


2.40 


0.12267 


0.00295 


1.293 


0.00381 


C2H4 


9.00 


0.07809 


0.0()703 


1.210 


0.00851 


O 


0.60 


0.08921 


0.00015 


1.418 


0.000635 


CO 


31.00 


0.07807 


0.02430 


1.408 


0.0941 


H 


35.30 


0.00559 


0.00197 


1.412 


0.00278 


CH4 


18.50 


0.04464 


0.00827 


1.270 


0.01050 


N 


3.40 


0.07831 


0.00266 


1.408 


0.00875 



Total 



*- 



0.06409 
0.04753 



0.04753 
1.349 



0.00409 
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APPENDIX 2 

Description op the Plant 
Appail\tu8 Used 

The engine used for the tests given in Part I is of the Corliss 
type, and is a part of the equipment of the Mechanical Engineer- 
ing Laboratory of the University of Illinois. The plant comprises 
the engine and various auxiliaries which are used in connection 
with the engine. These auxiliaries consist of a throttle valve in 
the steam-pipe line, an independently fired superheater, a direct 
current generator with a water rheostat, a surface condenser, 
scales, and a tank. The instruments used consist of indicators, 
steam pressure gauges, thermometers, ammeters, a voltmeter, 
and a continuous revolution counter. 

The general arrangement of the plant, with the exception of 
the superheater and the steam piping, was the same for both sat- 
urated and superheater steam tests. Steam was obtained from 
the main boiler plant of the University, located about 150 ft. away 
from the engine. Two pipe lines, one of 6-in. pipe for saturated 
steam and the other of 4- in. pipe for superheated steam, traverse 
the laboratory, and each is connected to the steam pipe of the 
engine tested. 

The steam exhausts from the engine through 30 ft. of 5-in. 
pipe to the condenser, where the exhaust steam is condensed, and 
is then weighed in a large tank on a platform scales. The engine 
is connected by a belt to the generator, which furnishes the load. 
This generator is loaded upon a water rheostat located close by. 

1. The Engine. — The engine is a small well-designed Corliss 
engine of a standard type built for heavy duty service. Its prin- 
cipal dimensions are given in Table 27. A view of the right side 
of the engine is shown in Fig. 31, and a view of the left side is 
given in Fig. 32. 

The cylinder is not steam-jacketed on the ends, but is partly 
jacketed on the barrel by the steam chest, the latter covering 
about one-sixth of the barrel surface. The exhaust passages are 
separated from the lower part of the cylinder barrel by a dead 
air space formed in cylinder casting. The cylinder is shown in 
section in Fig. 34. 

The engine is fitted with separate eccentrics for actuating the 
exhaust and the steam valves, thus enabling the steam valve gear 
to cut-off up to about 50% of the length of the stroke. The two 
separate eccentrics and the two wrist plates are well shown in 
Fig. 31. 
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TABLE 27 
Principal Dimensions opCobliss Engine 



1 . Type— Horizontal si Off le-oy Under, double eccentric, non-condensinir. variable speed, heavy 
duty frame. Reynolds Ck>rliss Engine. 



*. Class— Belt drive for mill work. 



3. Maker— A His Chalmers Co , Milwaukee, Wisconsin 



4. Rated Power of Ensrine— 100 h. p. at 115 lb. initial pressure above atmosphere on indicator 

diagram, H cut-off, and ISO r. p. m. 

5. Cylinder dimensions:— 

(a) Bore (measured while hot) 12.02in. 

(b) Stroke 24. 00 in. 

(c) Diameter of piston rod 2 i^ in. 



6. Clearance— in per cent of volume displaced by piston per stroke 

(a> Headend 7. 89 per cent 

(d) Crankend 7.04percent 



7. Speed— Controlled by fly-ball grovernor with variable gear ratio between main 8haft and 
frovernor, giving any engine speed from 20 to 160 r. p. m Usual speed 120 r. p. m. 

(a) Speed Control. — The speed of the engine is controlled by 
a fly-ball governor acting on the cut-off cams of the steam valve 
gear. Variable speed is obtained by varying the gear ratio 
between the main shaft and the governor. This gearratio change 
is accomplished by the mechanism shown to the left of the fly- 
wheel in Fig. 31. The mechanism is operated as follows: The 
belt from the main shaft drives the concave disc to the left which is 
loose on the shaft; this disc drives by friction three fiber rimmed 
idlers which are mounted between two discs on frames supported 
by a stationary frame in a manner which permits the plane 
of the idlers with respect to the shaft to be changed; the concave 
disc to the right is friction-driven by the three idlers and is keyed 
to the shaft which is connected through bevel gears to the gov- 
ernor. The discs are kept in contact with the idlers by an end 
thrust provided by a helical spring (surrounding the shaft) which 
is located between the right disc and the out-board bearing; the 
left disc is loose on the shaft but works against a collar formed by 
the sleeve carrying the shaft; the spring, therefore, acting against 
the out-board bearing, forces the right disc against the idlers and 
the left disc against its collar. The hand wheel shown in the 
figure, by a gear and sector device not shown, changes the plane 
of the idlers with respect to the shaft, and therefore changes the 
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gear ratio between the two discs. This device permits any speed 
from 20 to 160 r. p. m. to be obtained. A leakage test of all 
valves and the piston, the engine being at rest, showed that these 
parts were fairly tight. 

2. The Superheater. — The superheater is of the Poster sep- 
arately-fired type, and is rated at 200** P. of superheat for a flow 
of 4500 lb. of steam per hour. The draft is induced by an engine- 
driven fan. 

3. The Condenser — ^The condenser is of the Worthington sur- 
face type having 362 sq. ft. of condensing surface. Two pumps 
are provided; one a Worthington circulating pump drawing its 
water from a creek about 40 ft. away, the other, a Blake wet air 
pump, discharging into a tank on a platform scales. Tests at fre- 
quent intervals showed that the condenser was practically with- 
out leakage. 

4. T/ie Oenerator and Water Rheostat. — ^The engine was 
loaded on a generator and water rheostat shown in Pig. 88. This 
generator is of the Edison bi-polar type, and is rated at 100 kw. 
at 140 volts, thus giving a full load current of 715 amperes. The 
field was separately excited for the tests, the current being ob- 
tained from the laboratory 220- volt direct current supply. 

Fig. 33 shows the arrangement of the loading part of the plant. 
The generator output was conducted through cables in the conduit 
shown to the main switch on the switch-board: here connections 
were made to the plates of the water rheostat. Voltmeter and am- 
meter connections are made on the back of the switchboard. The 
table shown to the right of Fig. 33 contains the voltmeter and 
millivoltmeter for the main load current, and the field ammeter 
and rheostat for controlling the voltage. The water rheostat 
consists of three water-tight wooden barrels, each containing two 
iron plates, one positive and one negative. The connections of 
all the barrels are in parallel. Referring to Fig. 83, and describ- 
ing only one barrel, a plate connected to the negative terminal is 
placed on the bottom of the barrel; the positive terminal is con- 
nected through the looped wire, shown to the front, to a movable 
plate suspended by a rope from the long shaft hung under the 
frame carrying the conductors. This long shaft is turned by 
means of the hand wheel and worm device shown. The rope hold- 
ing the upper plate is tied through a hole in the shaft, so that 
when the shaft is turned, the rope is wound up, or vice versa, as 
desired. The desired load as shown by the millivoltmeter is ob- 
tained by regulating the distance between the plates and by throw- 
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ing salt in the water to obtain the desired resistance. An over- 
flow from the top of each barrel is provided at the back, so that 
when the water boils, cold water is admitted so that the heat is car- 
ried away in the overflow water instead of by the boiling of the 
water. All the upper plates are lowered simultaneously by means 
of a long shaft. An almost absolutely constant load is maintained 
by this rheostat. 

5. The Instruments. — The various instruments used were care- 
fully calibrated. 

Indicators 

The indicators and the indicator rig are shown in positions 
in Fig. 32. Two Crosby inside spring indicators in very good 
condition were used for the tests. The pipe connections consist 
of 5 inches of i-in. pipe for each indicator. The reducing motion 
is a wooden pantagraph mounted as shown. The lost motion in 
the indicator rig was less than .01 in. 

Great care was observed in the indicator work, since the in- 
dicator diagrams themselves formed the basis of the results to be 
obtained. The pistons were oiled at intervals of about one hour. 
The springs were calibrated by steam in the indicators used, by 
a C!ooiey fluid scales tester, using a method which duplicated al- 
most exactly the conditions under which the indicators were used 
during the tests. 



ILLINOIS ENOINEKIUNIi EXPERIMENT STATION 



CLAYTON — NEW AN,U-YSIS OF CYLINDER PEHTOUMANCE 



94 



ILLINOIS ENGINEERING EXPERIMENT STATION 




.»! 




o 

» 

3 

O 

o 



H 

o 

as 

H 
Q 

3 

o 

»• 
o 

OB 

H 

M 
> 

< 

o 






o 



APPENDIX 3 

TBST METHODS 



90 ILLINOIS ENGINEEHIXC; EXPERIMENT STATION 

APPENDIX 3 

Test Methods 

1. Freliminary. — The object of the investigation given in 
Part 1 was to examine the values and relations of the exponent n 
obtained from the expansion curve of the indicator diagrams 
under different conditions of pressure, speed, and cut-off. The 
effect of changing one of these variables was studied while keep- 
ing the other two constant. The method of testing was planned 
therefore with a view to maintaining the conditions of pressure, 
speed, and cut-off as constant as was possible during any one test. 

2. Length of Tests. — ^Tests may be very short when a surface 
condenser is used and constant conditions are maintained. Prior 
to running a test, the engine was operated for about one hour. 
It was found that after the operating conditions for one test had 
been maintained constant for ten minutes that the steam con- 
densed per unit of time was almost exactly constant. After the 
conditions had become constant, it was found that 30 minutes of 
operation gave a length of test which produced trustworthy and 
consistent results. All observations and diagrams were taken 
every three minutes in response to a signal given on the even 
minute. Six observers were required to maintain the desired 
conditions of load, pressure, superheat, and to take the readings. 

3. Control of Steam Pressure and Temperature, — ^The steam 
pressure was closely controlled by an observer, who throttled the 
steam in the main, before it reached the engine, to the pressure 
desired as shown by a gauge at the valve. Ordinarily this pres- 
sure was maintained to within three pounds of the pressure 
desired. It was decided to keep the steam temperature for the 
superheated steam tests constant at 500'' F. at the superheater. 
The superheater was operated by an observer who was guided by 
the indication of a thermometer placed in the pipe carrying the 
steam leaving the superheater. Ordinarily, the temperature of 
the steam was kept within the limits of 490° to 510° P. The 
temperature variation at the steam chest of the engine did not ex- 
ceed 2° or 3° P. during one test. The load was kept to within 
about 1 per cent variation from the average load during one test. 
A back pressure of about i lb. above the atmosphere was main- 
tained at the engine by keeping the vacuum at the condenser at 
1.5 in. of mercury, this vacuum being controlled by an observer who 
regulated an air leakage valve on the condenser. 

4. Plan of Tests, — The testing crew became expert in control- 
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ling the conditions so that the variations from constant conditions 
were remarkably small for test work. When the conditions of 
one test varied for any reason more than the amounts given, this 
test was not used for the purposes of the investigation. 

The tests were designated in the laboratory by a symbol in- 
dicating the conditions to be maintained. Thus, test 500°-100-52- 
120 indicated that the steam was to be superheated to SOO"" F. at 
the superheater; that 100 lb. gauge pressure was to be maintained 
at the engine throttle; and 52 kw. load was to be put on the gen- 
erator; and that the speed was adjusted to be 120 r. p. m, measured 
at no load. 

5. Dataf&r Teat 52.—Al\ the readings to Test 52 (500° 100- 
52-120) are given in Table 28. A study of these readings 
shows the constancy of conditions that was attained. 

Method of Selecting One Set of Indicator Diagrams 
TO Represent the Average Conditions of One Test 

After a test was run, the constancy of the conditions of pres- 
sure, superheat, load, the number of revolutions and the weight of 
the condensate for each 8-min. reading was examined. If the va- 
riations of these conditions were within the limits selected, the 
test was worked up in the usual manner. It was generally found 
that the area of each of the indicator diagrams for each end of 
the cylinder was within 8 per cent of the mean area. The gauge 
pressure for each reading at which the diagrams were taken was 
found in general to vary less than 8 lb. from the average. To rep- 
resent the average conditions of one test, the simultaneous com- 
bination of a gauge pressure reading nearest to the average and 
of one set of diagrams which had an area nearest to the mean 
area, was sought. This combination gave one set of diagrams, 
taken at the average pressure, which represented the average 
area of all the diagrams. This mean combination condition could 
generally be satisfied to within ^ of 1 per cent of the average 
area. 

The value of the average quality of the steam mixture pre- 
sent in the cylinder at cut-off, and the average value of n for both 
expansion curves were obtained from this set of diagrams (trans- 
ferred to the logarithmic form) selected as representative average 
conditions. The unit of measurement of both quality and n was 
therefore the revolution. 

The manner of selecting the representative diagrams is illus- 
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trated in Table 28. The areas of the diagrams are given in 
columns 14 and 15. The pair taken at 2:44, the time of reading 
No. 9, was chosen. The steam pressure for this reading is 99.5 
lb. at the throttling valve, while the average is 99.4 lb. The pres- 
sure at the engine throttle was 94.1 lb., while the average was 
95.1 lb. This last pressure, 94.1 lb., was always read some time 
after the signal for readings, while the pressure at the throttling 
valve was always read at the time of the signal. 

The area of the crank- end diagram of the pair selected is 
2.70 sq. in. , while the average is 2.714 sq. in. ; the area of the head- 
end diagram is 3.05 sq. in., while the average is 3.055 sq. in. The 
crank-end diagram is 0.5 per cent lower in area than the average; 
the head- end diagram is 0. 2 per cent lower than the average; both of 
them considered together are 0.35 per cent below the average. 
This figure, 0.35, may be taken to show the average difference, and 
shows that no material error is introduced by this method. 

6. Methods of Computation, — ^The manner of computing the 
value of a;<; and n is given for test 30, the representative indicator 
diagrams of which are given in Fig. 15, and the logarithmic dia- 
grams in Fig. 9. The results of the computations for all tests are 
given in Tables 1 and 2. 

The absolute pressure of cut-off was determined from the indi- 
cator diagrams at a point located by inspection, as was also the 
per cent of cut-off, the latter, however, not being involved in this 
investigation. The cut-off pressures for all the tests constituting 
one group were averaged and this average was used to obtain all 
values of Xe for one group. Test 30 belongs to group G, com- 
prising series 6 and 14, and the average absolute pressure at cut- 
off was 129.0 lb. 

The logarithmic diagrams of test 30, shown in Fig. 9, are the 
basis of the calculations for the value of Xc. The calculations 
which follow are given in detail in the same form as they were 
made for all tests. 

Computation for the Values of xc and n for Test 30. 
(Volumes Obtained from Fig. 9.) 

Steam present at cut-off pressure of 129.0 lb. absolute 

Volume of steam present, head end 0.482 cu. ft. 

Volume of steam present, crank end 0.478 cu. ft. 

Total, head and crank end .. 0.960 cu. ft. 

Speeiflc volume* of steam at 129.0 lb. absolute =3.478 cu. ft. per lb. 

^Marks and Davis Steam Tables. 

615533 
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Weight of steam present at cut-oflf 2\lS =* ^'2760 lb. 

Steam regained in compression at 15.0 ib. absolute 

Volume of steam present, head end 0.350 cu. ft. 

Volume of steam present, crank end 0.322 cu. ft. 

Total, head and crank ends 0.672 cu. ft. 

Specific volume of steam at 15.0 lb. absolute =26.27 cu. ft. per lb. 

Weight of steam retained in compression ' ! ^ 0.0256 Ib. 

From Tablet, the weight of steam and water supplied = 2796 lb. per hour 
Revolutions per hour 6840 

?7Qfi 

Pounds of steam and water supplied per revolution ==ToT(7^0-*087 lb. 

Total weight of mixture present per revolution 

0.4087 lb. supplied 

0.0256 lb. retained in compression 

0.4343 lb. total present 

Xc =441^=0.635, or 63.5 9t present as steam. 
0.4343 

Value of n from point 0, Fig. 9. 

Head end Length 0X= 1.575 in. 

0Y== 1.56 in. 

n, head end = i44^ =1.010 

1.56 

Similarly.n, crank end=14Tr-=*-006 

1.525 

Average value of n =1.008 

When the actual cut-off pressure was less than 129.0 lb., the 
line of constant weight of steam mixture on the logarithmic dia- 
gram was extended to this pressure, and the calculations made. 

7. Compression Steam, — The point of compression was selected 
in the following manner from Pig. 9 for the reasons explained fully 
on page 49. The straight line of the compression curve on the 
logarithmic diagram, or the line of constant weight of steam mix- 
ture, was prolonged dotted as shown to the back pressure. In 
these tests the average back pressure was about 15.0 lb., and 
this back pressure was used to calculate all steam retained in 
compression. The intersection of the compression line, pro- 
longed, with the back pressure line (15.0 lb.), extended, was 
taken as the volume of dry steam retained in compression. This 
method generally gives less steam retained than the or(^nary 
method. 
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THE EFFECTS OF GOLD WEATHER UPON TRAIN 
RESISTANCE AND TONNAGE RATING 

I. Introduction 

The resistance offered by railway trains is greater in cold 
weather than it is under ordinary summer temperatures. Evi- 
dence of this fact will occur to all who are concerned with train 
operation, and its recognition has led to the practice of reduc- 
ing tonnage ratings of locomotives during cold weather. This 
practice is almost universal among the railroads operating in 
the northern part of the United States and in Canada. On the few 
roads, running in this territory, which do not reduce ratings dur- 
ing cold weather, it seems probable that the ordinary simnner 
ratings are lower than they might well be and that consequently 
the locomotives have a reserve tractive effort great enough to 
permit them to handle these same ratings throughout the winter 
months. 

Any method of tonnage rating should recognize the three 
important variables which modify train resistance, viz., speed, 
average weight of the cars, and air temperature. The influence 
of speed is quite generally allowed for in establishing ratings 
and it is becoming more and more customary to make distinctions 
in rating on account of differences in car vviMght. The influ- 
ence of the third variable, air temperature, may be as erreat as 
that of either speed or car weight, and it is proper that it should 
have received as general consideration in establishing winter 
ratings as has been accorded. 

Reco'gnizing the importance of the subject, the Railway En- 
gineering department of the University of Illinois, two years ago, 
undertook tests to determine the increase in train resistance due 
to cold weather, and this work is still in progress. It is hoped 
that it may result eventually in information sufTiciently specific 
to indicate the law according to which train resistance* and 
air temperature are related, and thereby to enable the reductions 
in rating for different air temperatures to be determined with 
greater certainty than is now possible; for, as will appear later, 
there is at present considerable diversity of practice concerning 
such tonnage reductions. These tests are still far from being 

*Throagbout the paper, train resistance means the force needed to keep the train movinff 
at anlform speed on straight, level track and in still air. This force is expressed in pounds per 
ton of train weight. 
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completed and the data in hand do not yet warrant deflnite con- 
clusions. The work has, however, gone far enough to develop 
some rather interesting results and it is the purpose here to pre- 
sent this evidence and also to present a summary of the current 
practice of American railroads in reducins: tonnage ratings dur- 
ing cold weath/er. 

The material here presented was first published in substan- 
tially the same form in the Proceedings of the Central Railway 
Club for January, 1912, and is reproduced by permission. The 
tests referred to were made possible by the courtesy of the officers 
of the Illinois Central Railroad. 

Before presenting the experimental results, it may be helpful 
lo examine the ways in which low air temperatures may affect 
tonnage rating. In establishing a rating, the purpose is to 
equate locomotive tractive effort and the total resistance of the 
train, i. e., to determine a train whose gross resistance shall 
equal the available tractive effort. Anything, therefore, which 
decreases tractive effort or which incr«^ases resistance will neces- 
sitate a reduction in rating. A drop in air temperature does both 
these things. Cold weather decreases tractive effort by decreas- 
ing the capacity of the locomotive boiler. This it does in two 
ways — first, by increasing the amount of heat lost by radiation, 
and second, by lowering the temperature of combustion^ At low 
speed the reduction in boiler capacity by increased radiation prob- 
ably does not amount to more than two or three per cent even in 
very cold weather. The decrease in combustion temperature must 
be so small as to be negligible in its effects on steam production. 
Some slight decrease in the efficiency of the performance within 
the cylinders probably also ensues in cold weather, but data do not 
exist to enable us to evaluate this effect. Gold weather further 
decreases tractive effort by increasing the machine friction in all 
the locomotive bearings. Since, however, the total machine fric- 
tion is itself not generally more than eight or ten per cent, when 
maximum tractive effort is being developed, it is apparent that 
even considerable variations in this friction cannot greatly affect 
tractive effort. Taking all these facts into consideration, it seems 
likely that cold weather does not greatly reduce the tractive ef- 
fort of locomotives, and that, consequently, it does not neces- 
sitate radical reductions in rating in so far as its effect upon the 
locomotive itself is concerned. Probably a reduction in rating 
o*' four or five per cent, even with air temperatures as lowasO^F., 
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is sufficient to allow for the reduced tractive effort of the loco- 
motive. 

The influence of cold weather in increasinfir total train resis- 
tance is, however, greater than its influence on tractive effort. 
Under the conditions prevailing at ruling grades, total train re- 
sistance is made up of net resistance as above defined, together 
with resistances due to grade, to acceleration, and to curva- 
ture. Of these four elements of resistance only the first — 
the net resistance on straight level track at uniform speed — 
is at all affected by temperature. At the speeds at which freight 
trains pass ruling grades, this net resistance is composed almost 
entirely of those resistances which develop at the wheel tread 
and the resistance developed in the car journals. The former we 
shall call roUincr resistance and the latter journal resistance. 
When the temperature of the air falls below the freezing point, 
the moisture in the road bed freezes and the whole track struc- 
ture becomes less yielding. It seems reasonable to expect that 
under these conditions the rolling resistance will be different 
from what it is in summer weather. Whether it is greater 
or smaller does not appear, although there are some reasons for 
supposing it to be less on "frozen track." Whether it is 
flrreater or smaller need not concern us here, for it is altogether 
likely that at the speeds prevailing at ruling grades this rolling 
resistance is much less than the other element of resistance, viz., 
the journal friction. It is in journal friction, therefore, that we 
must seek for the explanation of the effect which cold weather 
is known to produce upon train resistance and consequently 
upon tonnage rating. 

A brief review of the actions within the car journal may 
serve to make clearer the way in which temperature affects the 
journal resistance. In the journals of a car which has been 
standing, the oil film has been broken through and the journal 
and brass are probably in direct contact. The temperature of 
the oil and of all the bearing parts is the same as that of the air, 
and the lower this temperature, the more viscous is the oil. As 
the car starts and the journal turns, oil is brought up from the 
waste below and the film of oil begins to establish itself. Until 
this oil film is established over the whole journal, the friction is 
high and gives rise to the great starting resistances which pre- 
vail at this time. As the journal continues to turn, the oil 
and all bearing parts begin to warm up, due to the heat devel- 
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oped by the bearing friction. As the temperature increases, the 
viscosity of the oil diminishes and the resistance decreases. The 
temperature of the bearing continues to increase until the rate of 
heat production within the bearing equals the rate at which the 
heat is dissipated from the box and other parts, such as the axle. 
At this point, the bearing temperature becomes constant and the 
resistance reaches its minimum value and here remains. This 
dissipation of heat is accomplished by the air moving over the 
box and axle, and the rate of heat dissipation varies almost 
directly with the amount of the difference between the tempera- 
ture of the bearing and the temperature of the surrounding air. 
To maintain a certain rate of dissipation of heat the journal 
temperature may be lower therefore in cold weather than in 
warm weather, the temperature of equilibrium attained by the 
journal is consequently lower in cold weather than in warm 
weather, and the minimum viscosity of the oil is greater. On 
these accounts we are prepared to find that the minimum resist- 
ance attained in cold weather is greater than in warm weather. 
These statements are exemplified by the following record of 
journal temperatures obtained by the use of the University of 
Illinois dynamometer ear:* 

Test number 1094 2007 

Average air temperature — degrees F 63 9 

Approximate average test speed — m. p. h 16 15 

Maximum temperature attained by test car journal — 

degrees F 116 98 

These tests differ chiefly in the air temperature. In the test 
on the colder day the temperature of equilibrium attained by the 
journal is 18° less than that attained on the warmer day. 

In another series of tests in which the journal temperature 
was measured, the resulting average maximum journal tempera- 
tures attained during the tests were about 125°, 137° and 145° for 
constantly maintained speeds of 10, 20 and 30 miles per hour, 
respectively. In this case the temperature is derived from a 
journal of one of the cars in the test train. This car weighed 
101,000 lb. and was equipped with 5 in. by 9 in. journals. The air 
temperature during these tests varied from 62° to U0°. These 
values serve to show the temperatures attained in a heavily loaded 
journal and also to show the influence of speed on these 
temperatures. . 

♦This oar Is equipped with a recordioff thermometer, the bulb of which is inserted in a hole 
drilled in the body of one of the Journal brasses. This instrument makes a oonttnuous record 
of journal temperature . The ear weighs 58.000 lb., and is equipped with iH in. by 8 in. journals 
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II. Results op Experiments 

Two years ago the Railway Engineering department of the 
University of Illinois completed a series of tests* to determine the 
influence of car weight on resistance. These tests were intended 
to show only the resistance prevailing in summer weather in 
order that they might serve as a basis for normal or "summer 
ratings." Tests made during cold weather have therefore been 
eliminated from the results. These results are here presented as 
Fig. 1 merely to offer a basis of comparison. In deriving the 
curves of Fig. 1 it was necessary to produce for each test such a 
curve as is shown in Fig. 2 in which the relation between speed 
and resistance is indicated. Fig. 2 shows the values for resis- 
tance at various speeds for test 1027 made in July, 1908, during 
which the air temperature varied from G4° to SO"". In such 
a diagram a definite relation between resistance and speed is 
obvious and no dilliculty was experienced in drawing a curve to 
represent fairly this relation. In these respects Fig. 2 is quite 
characteristic of the entire series of 32 tests which led to the 
conclusions embodied in Fig. 1. It should be borne in mind 
that these tests were made in warm weather. 

As the tests progressed, however, and cold weather was en- 
countered, the plotted values of resistance and speed exhibited 
no such obvious relation. Fig. 3 shows the resistances at var- 
ious speeds obtained from test 1041, the first test made in cold 
weather. This test was made on October 31, 1908 and the air 
temperature varied from 30° at the beginning to 42° at the end of 
the test. If there is a definite relation between resistance and 
speed for this test. Fig. 3 certainly does not disclose it and it 
would require considerable hardihood to try to draw a curve for the 
points there shown. The attempt to discover a reason for the 
discordance among resistance values disclosed in Fig. 3 by a 
comparison of the conditions prevailing in test 1041 with the 
conditions of the preceding tests, made it clear that this test dif- 
fered chiefly in being run during cold weather. The explana- 
tion was sought in this fact. 

In Fig. 3 the resistance values, for speeds in the neighbor- 
hood of 15 miles per hour, vary from 8.9 to 12.6 lb. per ton, and 
similar variations occur at other speeds. If cold weather causes 
these variations, it does so through its influence on journal tem- 
perature. It was conceived, therefore, that the variations were 

*Freiffht Train Resistance: Bulletin 43 of the Engineering Experiment Station of the 
UnlTersity of Illinois. 
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oped by the bearing friction. As the tem|)orn' 

viscosity of the oil diminishes and the resisla- 

temperature of the bearing continues to incr*' 

heat production within the bearing equals lli- 

heat is dissipated from the box and other pnrl- 

At this point, the bearing temperature beconi' 

resistance reaches its minimum value and h' 

dissipation of heat is accomplished by the aii 

box and axle, and the rate of heat dissipn: 

directly with the amount of the difference !»■ 

lure of the bearing and the temperature of 1' 

To maintain a certain rate of dissipation < 

temperature may be lower therefore in en 

warm weather, the temperature of equillbi 

journal is consequently lower in cold wc.r 

weather, and the minimum viscosity of ih" 

these accounts we are prepared to find thni ' 

ance attained in cold weather is greater \\u\ 

These statements are exemplified by th<' 

journal temperatures obtained by the wso « 

Illinois dynamometer car:* 

Test number 

Average air temperature — degrees F 

Approximate average test speed — m. p. h 

Maximum temperature attained by test car 
degrees F 

These tests diiTer chiefly in the air temp 
on the colder day the temperature of equilil" 
journal is 18° less than that attained on tln' ^ 

In another series of tests in which the • 
was measured, the resulting average maxim: 
tures attained during the tests were about 1 v 
constantly maintained speeds of 10, 20 an«l 
respectively. In this case the temperatur 
journal of one of the cars in the lest train. 
101,000 lb. and was equipped with Sin. by n 
temperature during these tests varied from 
values serve to show the temperatures attain 
journal and also to show the influener 
temperatures. . 

♦This oar is equipped with a recordiag thermometer, the b ' 
drilled in the body of one of the journal brasses. This tnstrunu--- 
of journal temperature. The car weigrhs 58.000 lb., and is equii » 
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due to difTerencos in Journal temperature, and that these difTer- 
ences were, in their turn, due lo the fact that most of the points* 
in Fig. 3 applied to the period during which tlie journals were 
warming up. In other words, it was assumed that cold weather 
had unusually delayed in this test the time al which Ihe temper- 
ature of equilibrium of the journal became established. 



FlO. 4. SHOWIHU THiDKCBIiai IN RiBIITlHCI AS TH* TRllH OF TMT IMI 

Phogbissis. TBI RBaisTANcm apflt to a Spbbd or 

ABOUT IS lilbEn PBH HOOR 

If these assumptions are correct, it might be expected that a 
diagram showing the resistance values and the corresponding 
journal temperatures would disclose their intimate relation. No 
record of journal temperature was available al this time and it 
was consequently impossible to produce such a diagram. If, 
however, the journaltemperaturewasvarying.it must have been 
increasing as Ihe train moved further and further from the start- 
ing point, and it was concluded that if, for each point on the 
road at which resistance had been determined, its value were 
plotted with respecl to the distance of that point from the be- 
ginning of Ihe run, such a plot would reveal a regular variation 
of resistance with distance due lo the inllueiiee of distance upon 

*Euh polDt In Ihts kad luceeedlDf dlafmns i«preMDla Che raslBUnee rftlue ftpplilDS to 
B PBTtlonlar position of the tnlo upon the nwd. tt mai defloe the momentBrr Tailit«Dce M 
the train puMs a particular point, or It mar defloe the averare reainaDce darlnr the time Ihe 
tralD paanei a abort traok wctloo . 
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journal temperature. It was hoped that such a diagram would 
offer an explanation of the discordance among the values shuwn 
in Fig. 3. This assumption was tested in the following manner : 
On Fig, 3 the two lines A and B were drawn embracing all 
points whose speed values lie between 14 and 16 miles per hour. 
All points lying within the belt defined by lines A and B pertain, 
therefore, to speeds which are not far from 15 miles per hour. 
The resistance values of the points lying within this zone were 
next plotted as Fig. 4, in which vertical distances again denote 
resistance, and horizontal distances represent miles run from 
the starting point. The points which in zone AB of Fig. 3 have 
the highest resistance values are found in Fig. 4 near the begin- 
ning of the run, whereas those having the lowest resistance 
values fall at the end of the run, and in general the points* in 



Fig 4 so arranged themselves that their resistance values con- 
stantly decrease as the distance increases. A few of the points 
in Fig. 4 are numbered. These numbers in- Fig, 3 denote the 
corresponding points. Bearing in mind the facts that all values 
apply to the same train and to approximately Lhe same speed, it 



Ittorttas Hrst in miles. 
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is apparent that neither variations in car weight nor variations 
in speed canaccouni for Iheregular decrease in resistance shown 
in Fig. 4. This decrease must therefore be due to the only re- 
maining variable which exerts any important influence upon 
resistance, viz., journal temperature. It is therefore assumed 
that in Fig. i fhe regular decrease in resistance as the Irain 
progresses is due to the fact that the journal lemperal ures are con- 
stantly increasing and that oil viscosity and journal resistance 
are therefore diminishing. This assumption underlies the fur- 
ther discussion of this and of the following flgures. The lest 
conditions* inakeitdiincult to directly measure the temperature 
of the journals in the train and the results are therefore pre- 
sented in terms of distance run by the test train. The journal 
temperatures are intimately related to this distance unless the 
testis run under widely varying speeds. 



The curve GC drawn in Fig. 4 represents approximately the 
rale at which resistance changes with distance run, and it ap- 
plies to a speed of about lo miles per hour. It is apparent from 
this curve that the resistance at Ihe beginning of the run is 
about 14 lb. per ton at this speed and that il constantly decreases 
until the train has progressed about 35 miles, at which point Ihe 

ThatnlD* tvatied a.re tielght tralas at the Illlnola C«alral Rcllroad, BCoepled u tbe j 
oome Id the niular service. It baa not proTed leoalble, tbus far, to dlreccli' measure tbe 
temperature o[ aor ot tb« louroals ol tbe cars compiHlDg ctaese tTalns. 
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resistance reaches its minimum value of about 10.5 lb. per ton 
and the journal temperature reaches its maximum. Trains of 
like character when run at similar speeds in warm weather reach 
their minimum resistance within the first eight or ten miles of 
their run, and their minimum resistance is less than that 
attained in the train whose performance is exhibited in Fig. 4. 

Fig. 5 also shows for this same test (1041) the decrease in 
resistance a^ the train progresses. The curve G there shown is 
reproduced from Fig. 4, and the additional curves A, B and D Ihere 
drawn were derived by a process similar to that just explained 
in the discussion of Fig. 4. The curves A, B, G and D denote the 
approximate resistance for speeds of 21.3, 17.3, 15 and 12 miles 
per hour, respectively. All four curves show that the minimum 
resistance is reached at about 35 miles from the beginning of 
the run. For widely dilTerenf speeds this distance would be 
different. Fig. 5 offers a means whereby we may determine the 
relation between resistance and speed at different points in the 
run. This relation is found in the following manner. On Fig. 
5 the lines EE and FF are drawn, intersecting all four curves at 
points corresponding respectively to 5 and 35 miles from the 
start. The points at which the line FF cuts curves A, B, G and 
D determine four resistance values which correspond respec- 
tively to speeds 21.3, 17.3, 15 and 12 miles per hour. These cor- 
responding values of resistance and speed constitute the co-or- 
dinates of the four points shown on the curve H of Fig. 6 and 
serve to define this curve. The values cori^esponding to the 
intersections of the line EE with the four curves of Fig. 5 serve 
similarly to define the curve G of Fig. 6. In Fig. G vertical dis- 
tances represent resistance and horizontal distances represent 
speed, the curves G, and H represent, therefore, the variations of 
resistance with speed for test 1041, and present train resistance 
curves in their usual form. The curve G shows the resistance 
at about 5 miles from the beginning of the run. when the jour- 
nals are still cold. The curve H shows the resistance at 35 miles 
from the beginning when the journals have attained their max- 
imum temperature. Fig. 6 presents the same information as is 
embodied in Fig. 5; but in a more familiar form. It should be 
recalled that Fig. 6 applies to a test made when the air tempera- 
lure varied from SO"" to 42° and when the wind was light. The 
train was composed of cars weighing, on the average, 17.2 tons. 

In order to compare the resistance shown by curves G and H 
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completed and the data in hand do not yet warrant definite con- 
clusions. The work has, however, gone far enough to develop 
some rather interesting results and it is the purpose here to pre- 
sent this evidence and also to present a summary of the current 
practice of American railroads in reducins: tonnage ratings dur- 
ing cold weathier. 

The material here presented was first published in substan- 
tially the same form in the Proceedings of the Central Railway 
Club for January, 1912, and is reproduced by permission. The 
tests referred to were made possible by the courtesy of the officers 
of the Illinois Central Railroad. 

Before presenting the experimental results, it may be helpful 
4,0 examine the ways in which low air temperatures may affect 
tonnage rating. In establishing a rating, the purpose is to 
equate locomotive tractive effort and the total resistance of the 
train, i. e., to determine a train whose gross resistance shall 
equal the available tractive effort. Anything, therefore, which 
decreases tractive effort or which incrt^ases resistance will neces- 
sitate a reduction in rating. A drop in air temperature does both 
these things. Gold weather decreases tractive effort by decreas- 
ing the capacity of the locomotive boiler. This it does in two 
ways — first, by increasing the amount of heat lost by radiation, 
and second, by lowering the temperature of combustion^ At low 
speed the reduction in boiler capacity by increased radiation prob- 
ably does not amount to more than two or three per cent even in 
very cold weather. The decrease in combustion temperature must 
be so small as to be negligible in its effects on steam production. 
Some slight decrease in the efficiency of the performance within 
the cylinders probably also ensues in cold weather, but data do not 
exist to enable us to evaluate this effect. Cold weather further 
decreases tractive effort by increasing the machine friction in all 
the locomotive bearings. Since, however, the total machine fric- 
tion is itself not generally more than eight or ten per cent, when 
maximum tractive effort is being developed, it is apparent that 
even considerable variations in this friction cannot greatly affect 
tractive effort. Taking all these facts into consideration, it seems 
likely that cold weather does not greatly reduce the tractive ef- 
fort of locomotives, and that, consequently, it does not neces- 
sitate radical reductions in rating in so far as its effect upon the 
locomotive itself is concerned. Probably a reduction in rating 
o^ four or five per cent, even with air temperatures as lowasO^F., 
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is sufficient to allow for the reduced tractive effort of the loco- 
motive. 

The influence of cold weather in increasincr total train resis- 
tance is, however, greater than its influence on tractive effort. 
Under the conditions prevailing at ruling grades, total train re- 
sistance is made up of net resistance as above defined, together 
with resistances due to grade, to acceleration, and to curva- 
ture. Of these four elements of resistance only the first — 
the net resistance on straight level track at uniform speed — 
is at all affected by temperature. At the speeds at which freight 
trains pass ruling grades, this net resistance is composed almost 
entirely of those resistances which develop at the wheel tread 
and the resistance developed in the car journals. The former we 
shall call rollincr resistance and the latter journal resistance. 
WTien the temperature of the air falls below the freezing point, 
the moisture in the road bed freezes and the whole track struc- 
ture becomes less yielding. It seems reasonable to expect that 
under these conditions the rolling resistance will be different 
from what it is in summer weather. Whether it is greater 
or smaller does not appear, although there are some reasons for 
supposing it to be less on "frozen track." Whether it is 
flrreater or smaller need not concern us here, for it is altogether 
likely that at the speeds prevailing at ruling grades this rolling 
resistance is much less than the other element of resistance, viz., 
the journal friction. It is in journal friction, therefore, that we 
must seek for the explanation of the effect which cold weather 
is known to produce upon train resistance and consequently 
upon tonnage rating. 

A brief review of the actions within the car journal may 
serve to make clearer the way in which temperature affects the 
journal resistance. In the journals of a car which has been 
standing, the oil film has been broken through and the journal 
and brass are probably in direct contact. The temperature of 
the oil and of all the bearing parts is the same as that of the air, 
and the lower this temperature, the more viscous is the oil. As 
the car starts and the journal turns, oil is brought up from the 
waste below and the film of oil begins to establish itself. Until 
this oil film is established over the whole journal, the friction is 
high and gives rise to the great starting resistances which pre- 
vail at this time. As the journal continues to turn, the oil 
and all bearing parts begin to warm up, due to the heat devel- 
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oped by the bearing friction. As the temperature increases, the 
viscosity of the oil diminishes and the resistance decreases. The 
temperature of the bearing continues to increase until the rate of 
heat production within the bearing equals the rate at which the 
heat is dissipated from the box and other parts, such as the axle. 
At this point, the bearing temperature becomes constant and the 
resistance reaches its minimum value and here remains. This 
dissipation of heat is accomplished by the air moving over the 
box and axle, and the rate of heat dissipation varies almost 
directly with the amount of the difference between the tempera- 
lure of the bearing and the temperature of the surrounding air. 
To maintain a certain rate of dissipation of heal the journal 
temperature may be lower therefore in cold weather than in 
warm weather, the* temperature of equilibrium attained by the 
journal is consequently low'er in cold weather than in warm 
weather, and the minimum viscosity of the oil is greater. On 
these accounts we are prepared to find that the minimum resist- 
ance attained in cold weather is greater than in warm weather. 
These statements are exemplified by the following record of 
journal temperatures obtained by the use of the University of 
Illinois dynamometer car:* 

Test number 1094 2007 

Average air temperature — degrees F 63 9 

Approximate average test speed — m. p. h 16 15 

Maximum temperature attained by test car journal — 

degrees F 116 98 

These tests differ chiefiy in the air temperature. In the test 
on the colder day the temperature of equilibrium attained by the 
journal is 18° less than that attained on the warmer day. 

In another series of tests in which the journal temperature 
was measured, the resulting average maximum journal tempera- 
tures attained during the tests were about 125°, 137*' and 145 "" for 
constantly maintained si)eeds of 10, 20 and 30 miles per hour, 
respectively. In this case the temperature is derived from a 
journal of one of the cars in the test train. This car weighed 
101,000 lb. and was equipped with 5 in. by 9 in. journals. The air 
temperature during these tests varied from (52° to 90°. These 
values serve to show the temperatures attained in a heavily loaded 
journal and also to show the influence of speed on these 
temperatures. . 

♦This oar Is equipped with a recording thermometer, the bulb of whioh is inserted In a hole 
drilled in the body of one of the journal brasses. This instrument makes a oontlnuous record 
of journal temperature . The car weighs 68.000 lb. . and is equipped with 4M in. by 8 in. journals 



SCHMIDT-MARQUIS — ^TONNAGE RATING 7 

II. Results op Experiments 

Two years ago the Railway Engineering department of the 
University of Illinois completed a series of tests* to determine the 
influence of car weight on resistance. These tests were intended 
to show only the resistance prevailing in summer weather in 
order that they might serve as a basis for normal or "summer 
ratings." Tests made during cold weather have therefore been 
eliminated from the results. These results are here presented as 
Fig. 1 merely to offer a basis of comparison. In deriving the 
curves of Fig. 1 it was necessary to produce for each lest such a 
curve as is shown in Fig. 2 in which the relation between speed 
and resistance is indicated. Fig. 2 shows the values for resis- 
tance at various speeds for test 1027 made in July, 1908, during 
which the air temperature varied from 64° to 80°. In such 
a diagram a definite relation between resistance and speed is 
obvious and no dilliculty was experienced in drawing a curve to 
represent fairly this relation. In these respects Fig. 2 is quite 
characteristic of the entire series of 32 tests which led to the 
conclusions embodied in Fig. 1. It should be borne in mind 
that these tests were made in warm weather. 

As the tests progressed, however, and cold weather was en- 
countered, the plotted values of resistance and speed exhibited 
no such obvious relation. Fig. 3 shows the resistances at var- 
ious speeds obtained from test 1041, the first test made in cold 
weather. This test was made on October 31, 1908 and the air 
temperature varied from 30° at the beginning to 42° at the end of 
the test. If there is a definite relation between resistance and 
speed for this test, Fig. 3 certainly does not disclose it and it 
would require considerable hardihood to try to draw a curve for the 
points there shown. The attempt to discover a reason for the 
discordance among resistance values disclosed in Fig. 3 by a 
comparison of the conditions prevailing in test 1041 with the 
conditions of the preceding tests, made it clear that this test dif- 
fered chiefly in being run during cold weather. The explana- 
tion was sought in this fact. 

In Fig. 3 the resistance values, for speeds in the neighbor- 
hood of 15 miles per hour, vary from 8.9 to 12.6 lb. per ton, and 
similar variations occur at other speeds. If cold weather causes 
these variations, it does so through its influence on journal tem- 
perature. It was conceived, therefore, that the variations were 

*Preiffbt Train Resistance: Bulletin 43 of tbe Engineering Experiment Station of tbe 
Uniyersity of Illinois. 
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10 ILLINOIS ENOINBERING EXPERIMENT STATION 

due to differences in Journal temperature, and that these differ- 
ences were, in their turn, due to Ihe fad that most of the points* 
in Fig. 3 applied to the period during which tlie journals were 
warming up. In other words, it was assumed that cold weather 
had unusually delayed in this test the time at which the temper- 
ature of equilibrium of the journal became established. 



FIO. *. SHOWIHU THS DlCBIASB ID RSSISTAtlCa IS TBI TBAIK Of TMT IHl 

Proobbbsib. Tarn Rkbihtancis Applt to a Spbiij of 

ABOUT IS HtLEH F(B HOUR 

If these assumptions are correct, it might be expected that a 
diagram showing the resistance values and the corresponding 
journal temperatures would disclose their intimate relation. No 
record of journal temperature was available at this time and it 
was consequently impossible to produce such a diagram. If, 
however, the journal temperature was varying, it must have been 
increasing as the train moved further and further from the starl- 
ing point, and it was concluded that if, for each point on the 
r(jad at which resistance had been determined, its value were 
plotted with respect to the distance of Ihat point from the he- 
ginning of Ihe run, such a plot would reveal a regular variation 
of resistance with distance due In Ihe inlhience (if distance upon 

■Kooh point Id this >Dd fucceedlDe: dlairamB rapreKota the rsslatanoe T»lue applrlns to 
m partioalar iiobIcIoi) of (be tnln uvon the rowl. It mkjr deflne Ihe momenlkr; rettitMin »■ 
the tnlD pasiea k pkitlcalar polDl. or It id&t deSne tbe krense TeslBlaooe daring tbe time tbe 

lialn passes ■ iihort track Bection, 
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journal temperature. It was hoped that such a diagram would 
offer an explanation of the discordance among Ihe values shown 
in Fig. 3. This assumption was tested in the following manner: 
On Fig.3 the two lines A and B were drawn embracing all 
points whose speed values lie heEween 14 and 16 miles per hour. 
All points lying within the belt defined by lines A and B pertain, 
therefore, to speeds which are not far from 15 miles per hour. 
The resistance values of the points lying within this zone were 
next plotted as Fig. 4, in which vertical distances again denote 
resislance, and horizontal distances represent miles run from 
the starling point. The points which in zone AB of Fig. 3 have 
the highest resislance values are found in Fig. 4 near the begin- 
ning of the run, whereas those having the lowest resistance 
values fall at the end of the run, and in general the points* in 



Fig 4 so arranged themselves that their resislance values con- 
stantly decrease as the distance increases. A few of the points 
in Fig. 4 are numbered. These numbers in Fig. 3 denote the 
corresponding points. Bearing in uiind the facts that all values 
apply to the same train and to approximately the same speed, it 

■Points ekiid I Id Pls..t do notUs wicblo zooe A.B: but. tlaoe ther correspoDd to siieada 
QOttkT fiom IS mites per hour. (13.0 and 18.T m.p.b. raspeotlvelr) tber m then plotted in 
order to flllouttheeiblbic (ortlie llrst lOmllei, 
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is apparent that neither variations in car weiglit nor variations 
in speed canaccount for the regular decrease in resistance shown 
in Fig. 4. Ttiis decrease must therefore be due to the only re- 
maining variable which exerts any important influence upon 
resistance, viz., journal temperature. H is therefore assumed 
that in Fig. 4 the regular decrease in resistance as the train 
progresses is due to the fact that the journal temperatures are con- 
stantly increasing and that oil viscosity and journal resistance 
are therefore diminishing. This assumption underlies the fur- 
ther discussion of this and of the following figures. The test 
conditions* niakeit difllcult todireclly measure the temperature 
of the journals in the train and the results are therefore pre- 
sented in terms of distance run by the test train. The journal 
temperatures are intimately related to this distance unless the 
test is run under widely varying speeds. 



The curve GG drawn in Fig. 4 represents approximately the 
rale at which resistance changes with distance run, and it ap- 
plies to a speed of about 15 miles per hour. It is apparent from 
this curve thai the resistance at the beginning of the run is 
about 14 lb. per ton at this speed and that it constantly decreases 
until the train has progressed about 35 miles, at which point the 

Tbe tmLns tested are IreiRtit tralDS of Che IlllDois General Railroad, aooepted ai tber 
oome !□ the [eiular serrlce. 11 has not proTed teaslble. thui far. Co diraocl; measure the 
temnerature of aor at Lha lounialB of Ihe ears compoalDE these trstDi. 
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resistance reaches its niiniinum value of about 10.5 lb. per ton 
and the journal temperature reaches its maximum. Trains of 
like character when run at similar speeds in warm weather reach 
their minimum resistance within the first eight or ten miles of 
their run, and their minimum resistance is less than that 
attained in the train whose performance is exhibited in Fig. 4. 

Fig. 5 also shows for this same test (1041) the decrease in 
resistance a^ the train progresses. The curve C4 there shown is 
reproduced from Fig. 4, and the additional curves A, B and D there 
drawn were derived by a process similar to that just explained 
in the discussion of Fig. 4. The curves A, B, G and D denote the 
approximate resistance for speeds of 21.3, 17.3, 15 and 12 miles 
per hour, respectively. All four curves show that the minimum 
resistance is reached at about 35 miles from the beginning of 
the run. For widely different speeds this distance would be 
different. Fig. 5 offers a means whereby we may determine the 
relation between resistance and speed at different points in the 
run. This relation is found in the following manner. On Fig. 
5 the lines EE and FF are drawn, intersecting all four curves at 
points corresponding respectively to 5 and 35 miles from the 
start. The points at which the line FF cuts curves A, B, G and 
D determine four resistance values which correspond respec- 
tively to speeds 21.3, 17.3, 15 and 12 miles per hour. These cor- 
responding values of resistance and speed constitute the co-or- 
dinates of the four points shown on the curve H of Fig. 6 and 
serve to define this curve. The values cori^esponding to the 
intersections of the line EE with the four curves of Fig. 5 serve 
similarly to define the curve G of Fig. 6. In Fig. (5 vertical dis- 
tances represent resistance and horizontal distances represent 
speed, the curves G, and H represent, therefore, the variations of 
resistance with speed for test 1041. and present train resistance 
curves in their usual form. The curve G shows the resistance 
at about 5 miles from the beginning of the run, when the jour- 
nals are still cold. The curve H shows the resistance at 35 miles 
from the beginning when the journals have attained their max- 
imum temperature. Fig. 6 presents the same information as is 
embodied in Fig. 5; but in a more familiar form. It should be 
recalled that Fig. 6 applies to a test made when the air tempera- 
ture varied from 30"* to 42° and when the wind was light. The 
train was composed of cars weighing, on the average, 17.2 tons. 

In order to compare the resistance shown by curves G and H 
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with the resistance prevailing in warm weather, the curve K is 
drawn in Fig. 6. This curve is derived from Fig. 1 and shows 
the approximate resistance in summer weather of a train com- 
posed of cars weighing 17.2 tons. Curve K is therefore compar- 
able with either G op H. Curve H represents resistances which 
are approximately 25 to 30 per cent greater than those repre- 
sented by curve K and we may conclude that for the train of test 
1041 even the minimum resistance attained after the train had 
run 35 miles is about 25 per cent greater than the resistance of a 
similar train in warm weather. Whether the change from sum- 
mer temperatures to a temperature of 30** will always result in 
an increase of 25 per cent in the resistance does not appear, and 
the data in hand do not as yet warrant generalizations of this 
sort. Attention is again called to the fact that the term resistance 
as'here used means resistance on level track, and consequently a 
difference of 25 per cent in resistance does not necessarily re- 
quire a difference of 25 per cent in tonnage rating. This state- 
ment is developed beyond. . 

Fig. 3 to 6 constitute what is perhaps unneeded evidence of 
the effect of low air temperature upon train resistance and upon 
tonnage rating. They show a way in which quantitative expres- 
sion may be given to this effect. These four figures also serve 
to show the methods employed in the study of this problem 
which is now in progress at the University of Illinois. When 
this work has progressed far enough to cover all ordinary 
ranges of air temperature and all ordinary car weights, it may 
result in information which will enable tonnage reductions to 
be determined more systematically than seems now to be pos- 
sible. It may be of interest to present a few additional diagrams 
touching one or two other phases of the subject. 

Fig. 7 and 8 are similar to Fig. 3 and 4 and they lead to 
similar conclusions. Fig. 7 and 8 apply to test 1045 during 
which the air temperature varied from 22"* to 26°, and for which 
the train was composed of cars averaging 49.2 tons in weight. 
In Fig. 7 the resistance values are plotted with respect to speed 
and the same difliculty of discovering any relation between re- 
sistance and speed presents itself as was presented in Fig. 3. 
When, however, these resistance values are plotted with respect 
to distance from the beginning of the run, as they are in 
Fig. 8, they arrange themselves in a more orderly way. 
All the points of Fig. 7 are plotted in Fig. 8. Points 8, 9 and 
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17, which in Fig. 7 correspond to the highest values of 
resistance, fall in Fig. 8 either at the beginning of the run 
or immediately beyond the stop at A; whereas points 1 and 2 
which have the lowest resistance values fall at the end of the 
run. In Fig. 8 the speed during the run is indicated by the line 
in the upper part of the diagram. It will be noticed that the 
train was brought up to a speed of about 20 miles per hour with- 
in the first three miles of the run and that the speed was there- 
after maintained at approximately 20 miles, except in the im- 
mediate neighborhood of the two stops which are indicated at 
A and B. The speed for all but four of the points for which re- 
sistance is calculated lies between 18 and 21 miles per hour, and 
the speeds for these four points lie close to this range. Since the 
speed is so nearly uniform for all these points, its influence in 
modifying resistance is practically eliminated, and such changes 
in resistance as are indicated on the diagram are chiefly due to 
changes in journal temperature. At point A about 14 miles from 
the start the train was stopped for one hour and fifteen min- 
utes, the air temperature at that time being 23''. Again at B, 12 
miles farther along, a stop of two minutes' duration was made. 
It is interesting to note the efl'ect of these stops upon the resist- 
ance. The resistance in the beginning is in the neighborhood of 
seven pounds per ton. It steadily decreases as the train prog- 
resses, until at the point A, where the train was first detained, 
it had fallen to about four or four and one-half pounds. Upon 
leaving A Ihe train's speed was immediately raised to its general 
value of 20 miles per hour and the resistance is found to have 
risen again to about the same value which it had at the original 
starling point. From there on, the resistance again decreases 
sleadily until the point B is reached, after which there is a slight 
increase in resistance due, probably, not so much to the two- 
minute stop as to the cooling of the journals during the consid- 
erably longer period in which the speed at this point was low, 
while the train was approaching and leaving B. The diagram 
serves well to show how important the effect of such a stop as 
Ihat at A may be. If the ruling grade in this case had occurred 
just beyond A, it is entirely likely that the increased train resist- 
ance would have stalled the train at that point. There is no evi- 
dence in this diagram that the minimum resistance of this train 
at this speed is reached during the test. Indeed, if the resistance 
curves there drawn are accepted as correct, it seems clear that 
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the slops have delayed Ihp eslablishmeiit of Ihis minimum re- 
sistance beyond the lest limits. Comparison with resistance in 
warm weather is therefore unwarranted. 

During lest 1084, the results of which are presented in Fig, 9, 
the air temperature varied from 1° below zero at the beginning 
to 5° above zero at the end of the tesl. These temperatures are 
lower than any others prevailing during the tesls here discussed, 
and Fig. 9 is introduced primarily on that account. It exhibits 
the same facts as may be derived from Fig. 4 and 8 and needs 
but little additional comment. The speed during this test was in- 
creased from 8 miles per hour near the start to 20 miles per hour 
al the point A, beyond which it was maintained almost uniform 
al 90 miles per hour. The resistance values derived for the first 
10 miles of the run arc not numerous enough to offer much in- 
formation. Between A and B, however, the points are more 
numerous and indicate clearly the usual decrease in resistance 
as the Irain progresses. The resistance, which at A is '40 pounds 
per ton, has decreased at B — 24 miles from the start — to aboul 
16 pounds per ton, and probably it would have continued to de- 
crease had the tesl been continued beyond Ihis point. The nor- 
mal resistance in summer weather for a train of this car weight 
(16.5 tons), as derived from Fig. 1, is t>.5 pounds per ton. The 
train of Ihis lesl has, therefore, a resistance G8 per cent in excess 
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of the normal, even after running 24 miles. Part of this excess 
is doubtless due to the fact that a strong wind prevailed during 
the test ; most of it, however, is probably due to low lempcralure. 
Fig. 10 and 11 apply to lest 1086, during which there were 
very light winds and the air temperature varied between 28° and 
30°, The tesl train was composed of cars wliose weights aver- 
aged 59.5 tons. Fig. 10 shows the resistance values plotted with 
respect to speed, and il differs from similar preceding diagrams 
only in that the speeds vary throughout a greater range. This 
figure will be used, as have the others, to show the influence of 
journal temperalure; but before doing so it may be of inlerest to 
show how plausibly Ibis exhibit might be so construed as to lead 
to wrong conclusions. 



bThmpibatdbk 



The diagram exhibits considerable variations in the resist- 
ance values, even at like speeds. Let il be assumed, however, 
that speed is the only important influence at work in causing 
this variation. Presupposing that no record of wind velocity is 
available it might seem JusliOable to ascribe much of this varia- 
tion lo the variations in wind resistance, and also to occasional 
changes in such elements of resistance as flange friction. Mak- 
ing such allowances, the discordance among points in the dia- 
gram might appear no greater than should be expecled. Such con- 
siderations might .easily lead lo Ihe belief that (he diagram does 
actually represent Ihe true relation between average train resist- 
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ance and speed, and it would therefore appear justifiable lo rep- 
resent this relation by a line drawn among the points of Fig. 
10. An attempt to thus express the assumed relation would 
probably result in a horizontal straight line lying at a height 
corresponding to about 4.5 pounds per ton. Such a process 
would consequenlly lead to the conclusion that for this train the 
resistance is the same for all speeds up to about 40 miles per 
hour; that is, that train resistance is independent of speed. It is 
obvious, however, from what has preceded, thai in causing the 
variations in resistance shown in Fig. 10, the journal tempera- 
lure plays al least as iniporlant a pari as the speed. Fig. 11 will 
make it clear that there is no warrant for Ihe above conclusion 
in this case. 



PlO. n. SBOWtHQTBB 

Speid fob Test lOSB 

Fig, 11 comprises Ihe poinis which in Fig. 10 lie between the 
lines A and B, corresponding lo speed limits of l!i.5 and :^6 miles 
per hour. B is chosen at this point merely to reduce the length 
of Fig. H. The resistance value for each point lying within this 
zone is plotted in Fig. 11 with respect to the distance of [his point 
from the start. The upper line in Fig. 11 again represents the 
speed, which was quite uniform and near 20 miles per hour for 
the first 12 miles of the run — up to the point C. Beyond G the 
speed varied considerably. As in the teals previously discussed, 
Ihe resistance decreases with great regularily during Ihe first 12 
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miles, iiiilil al C the journals have apparenlly attained their 
maximum temperature for a speed of 20 miles per hour, and the 
resistance has reached its minimum value for this speed. Be- 
yond G, therefore, the influence of journal temperature upon re- 
sistance largely disappears and the resistance thereafter responds, 
in lis varialion. quite definilely to changes in speed. 



Reference was made above to the definite response 
made by resistance to. changes in speed, after the journals have 
become thoroughly warmed up. Fig. 12 is introduced to further 
illustrate this. It applies to test 1031. which was made in warm 
weather and which was selected on this account. During test 
1031 the air temperalure varied between 70° at the start and 82" 
at the end of the tost. Within the first eleven miles the journals 
had assumed their maximum temperalure and the record is pre- 
sented only for that portion of the run lying beyond this point. 
As before, the upper line in Fig. 12 represents speed and the lower 
line represents resistance. The diagram reveals the intimate 
relation which exists between resistance and speed when the 
journals are warm. Every change in speed is closely followed 
by a corresponding change in resistance. 
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III. The Effect of Grade on Tonnage Reductions 

It was slated above that an increase in net train resistance, 
of say 30 per cent, due to low temperature, does not necessarily 
require a like reduction in train tonnage. This is due to the 
facts that net train resistance, which here denotes merely the 
resistance on level track, is not the only resistance which absorbs 
the tractive effort, and that the other resistances are unaffected 
by temperature. 

The process of rating locomotives consists essentially in 
specifying a train whose gross resistance shall equal the avail- 
able tractive effort. Since ratings are made to meet the condi- 
tions which exist at the ruling grades, this gross resistance must 
always consist of net resistance, as above defined, and of grade 
resistance.* Of these two elements the grade resistance is 
almost always the greater. Obviously neither air temperature 
nor any other external condition can affect the grade resistance, 
which is modified only by difference in grade. Since the larger 
element of gross resistance remains unaffected, the reductions 
in rating in cold weather need not be as great as the variations 
which cold weather causes in the smaller element of gross re- 
sistance; that is. in the net train resistance. Neither are these 
tonnage reductions the same for different grades. An example 
may serve to make this clearer. 

Let us assume that it be required to find the summer and 
winter ratings for a certain class of locomotives on two divisions 
of a road, which we here designate as division A and division B. 
The ruling grade on A is one-half percent, and that on B is one 
per cent. The resistance due to grade alone is 20 pounds per ton 
of train weight for each per cent of grade, and the grade resist- 
ance on division A is therefore 10 pounds per ton while on divi- 
sion B it is 20 pounds per ton. Now assume also that the net train 
resistance for the desired speed is 4.5 pounds per ton in summer 
and that in winter it is 33^ per cent ffrealer, namely, 6.0 pounds 
per ton We assume further that in summer the available tractive 
effort on grade A for the class of engines under consideration is 
32,000 lb. and on grade B 30,500 lb. If the effect of cold weather 
upon the engine itself be assumed such as to cause a reduction of 



* Acceleration and curve resistance may also be components of this ffross resistance. 
Tbey are. however, icrnored here, since their consideration is not necessary to the argument, 
although their presence may modify its conclusion. 
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five percent in tractive effort, we And the available tractive effort 
in winter to be 30,400 lb. on division A and 28,970 lb. on division B. 
We have now available enough information to calculate the ton- 
nage ratings. On division A, for example, the gross resistance 
in summ-er is 10+4.5=14.5 lb. per ton, the tractive effort is 32,000 
lb. and the tonnage is consequently 32,000-^14.5=2,207 tons. The 
winter tonnage on division A is 30,400^- (10+6.0) =1,900 tons. 
The proper winter tonnage on division A is found therefore to be 
(2207— 1,900) -h2207= 14 per cent less than the summer tonnage. 
Similarly for division B the tonnage reduction for winter weather 
is found to be 10 percent. The results of these calculations are 
summarized in the following table: 

Division A Division B 

Ruling Grade — per cent ^^ 1 

Tractive Effort in Summer, pounds 32,000 30,500 

Tractive Effort in Winter, pounds 30,-100 28.970 

Grade Resistance, pounds per ton 10 20 

Net Resistance in Summer " " " 4.5 4.5 

Net Resistance in Winter, " " " 6.0 6.0 

Gross Resistance in Summer, " " " 14.5 24.5 

Gross Resistance in Winter, " " '* 16.0 26.0 

Tonnage in Summer, tons 2,207 1,245 

Tonnage in Winter, " 1,900 1,115 

Tonnage Reduction, per cent 14 10 

It is apparent from these calculations that an increase in net 
resistance of 33V^ per cent necessitates a reduction in rating on 
division A of only 14 per cent and on division B this reduction 
need be only 10 per cent. Not only are the tonnage reductions in 
both cases considerably less than the difference in net resistance, 
but the reductions are different on the different grades. The 
greater grade requires the smaller tonnage reduction. If the 
ruling grades on a particular road do not differ Rreatly on the 
different divisions, it would be an unnecessary refinement of 
practice to discriminate between divisions in establishing ton- 
nage reductions for winter weather. If, on the other hand, a 
road runs in both level and mountainous country, it is not only 
logical but economical to make such distinctions. The infor- 
mation at hand concerning current practice indicates that these 
facts have received little consideration, or at any rate, no ap- 
plication in the establishment of certain existing tonnage rating 
svstems. On other roads, however, the facts are duly recognized 
and embodied in their rating practice. 

There are a few roads operating almost exclusively in 
mountain territory which find it unnecessary to make reductions 
in rating for low temperatures. The ruling grades on these 
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of the normal, even after running 24 miles. Pari of this excess 
is doubtless due to the fact that a strong wind prevailed during 
the test; most of it, however, is probably due to low temperature. 
Fig. 10 and 11 apply to test 1086, during which there were 
very light winds and the air temperature varied between 28° and 
30°. The test train was composed of cars whose weights aver- 
aged 59.5 tons, F'ig, 10 shows the resistance values plotted with 
respect to speed, and it differs from similar preceding diagrams 
only in that the speeds vary throughout a greater range. This 
figure will be used, as have the others, to show the influence of 
journal temperature ; but before doing so it may be of interest to 
show how plausibly this exhibit might be so construed as to lead 
to wrong conclusions. 



The diagram exhibits considerable variations in the resist- 
ance values, even at like speeds. Let it be assumed, however, 
that speed is the only important influence at work in causing 
this variation. Presupposing that no record of wind velocity is 
available it might seem justifiable to ascribe much of this varia- 
tion to the variations in wind resistance, and also to occasional 
changes in such elements of resistance as flange friction. Mak- 
ing such allowances, the discordance among points in the dia- 
gram might appear no greater than should be expected. Such con- 
siderations might easily lead to the belief that (he diagram does 
actually represent the true relation between average train resist- 



SCHMIDT-MARQUIS — TONNAGE RATING 23 

roads are, of course, heavy. The foregoing example illustrates 
how the effect of heavy grades may disguise and almost nullify 
great variations in net resistance, and it offers, therefore, some 
justification for the practice which ignores distinctions between 
summer and winter ratings in such territory. 

These facts serve also lo show the necessity for care in 
adoplingon one road the practice which has proved satisfactory 
on another. Unless the ruling grades are nearly alike, the sys- 
tem of tonnage reductions which has proved itself satisfactory 
on one road ought not lo be transplanted to another without 
due consideration of these facts, even though the weather con- 
ditions are identical. 

IV. A Summary op Current Practice 

In connection with this investigation, a considerable amount 
of information has been collected from the railroads of the coun- 
try concerning their tonnage rating practice. The attempt has 
been made to summarize this information and present it in the 
table which is here included, in the expectation that it would be 
useful to have such information assembled in somewhat com- 
pact form. It is believed that the table fairly represents, in 
most cases, the practice of the various roads as stated by their 
own officers. It has, however, been difficult occasionally lo 
force into the form and limits of the table all the information 
available, and in a few cases the tabular statement scarcely re- 
presents all the facts. It is dillicult, for example, to present in 
tabular form the limitations placed by some roads upon the ap- 
plication of their general practice. It is hardly possible to in- 
dicate in the table the degree of authority given on these roads 
to trainmasters and dispatchers, under which they may vary 
from the usual practice. 

The roads are arranged in the table in the order of the air 
temperature limits which determine the normal rating and which 
appear in the first column. This arrangement was adopted be- 
cause it makes easier the direct comparison of figures appearing 
in the later columns. At the same time, it brings together roads 
which operate in very dilTereut territory and under very diff'erent 
weather conditions and these facts should be borne in mind in 
making comparisons. Examination of the table makes it evi- 
dent at once that there is great diversity of practice. Not only 
are different tonnage reductions made for similar temperatures. 
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but the range in temperature which is considered to warra,nl 
tonnage reduction varies from a few degrees to 30 or 40 degrees. 
Some roads have only one rating schedule in addition to their 
normal schedule; others operating under weather conditions not 
radically different have as many as ten additional schedules. 
Most of the differences in practice are, however, not surprising 
when it is considered that the roads included, represent practi- 
cally the entire United States and Canada and represent, there- 
fore, the greatest variety in weather conditions and topography. 
Most of the differences in practice disclosed by the table are quite 
sufliciently explained by the differences in the weather condi- 
tions prevailing in the territory served. 
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THE Engineering Experiment Station was established by 
act of the Board of Trustees, December 8, 1903. Iti3 
the purpose of the Station to carry on investigations 
along various lines of engineering and to study problems 
of importance to professional engineers and tc the mcmu- 
facturing, railway, mining, constructional, and industrial inter- 
ests of the the State. 

The control of the Engineering Experiment Station is vested 
in the beads of the several departments of the College of Engi- 
neering. These constitute the Station Staff, and .with the 
Director, determine the character of. the investigations to be ^ 
undertaken. The work is carried on under the supervision of 
the. Staff, sometimes by research fellows as graduate work, 
sometimes by members of the instructional ^taff of ihe College 
of Engineering, but more frequently by investigators belonging 
to the Station corps. 

The results of these investigations are published in the form 
of bulletins, which record mostly the experiments of the Sta- 
tion's own staff of investigators. There will also be issued 
from time to time iri the form of circulars, compilations giving 
the results of the experiments of engineers, industrial works, 
technical institutions, and governmental testing departments. 

The volume and number at the top of the title page of the 
cover are merely arbitrary numbers and refer to the general 
publications of the University of Illinois; above the title U given . 
the number of the Engineering Experiment Station bulletin or 
circular, which should be used in referring to these publications. 
For copies of bulletins, circulars or other Information ad- 
dress the Engineering Experiment Station, Urbana, Illinois. . 
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THE COKING OF GOAL AT LOW TEMPERATURES 

L Introduction 

1. Purpose of the Investigation. — The investigations dis- 
cussed in this bulletin had two general purposes in view: (1) 
to discover some fundamental facts pertaining to the properties 
and characlerislics of bituminous coals; (2) to determine the 
feasibility of modifying the composition of raw coal in order 
that a different type of fuel might be produced, or possibly an 
alteration accomplished of the entire fuel content into forms bet- 
ter suited to present-day requirements. 

2. Scope of Previous Investigations. — In earlier experi- 
ments* (1907-1908), the information developed was mainly of 
the type indicated under the first division; for example, the ex- 
periments early indicated the important role played by small 
amounts of oxygen in the gases surrounding the healed masses 
of coal. The ease with which carbonaceous matter absorbed or 
united with oxygen was so striking that it seemed desirable to 
follow the matter into detail regarding the temperatures at 
which oxidation takes place, and its effect upon the material in 
hand. As a result, the whole matter of coal oxidation at low 
temperatures was opened up as one of extreme importance. One 
fundamental fact brought out in the study' was the absorbent 
power of freshly-mined coal for oxygen, and the part oxygen 
played in producing certain changes in the coal and promot- 
ing the initial form of deterioration in storage. Again'^, the 
prime element in all the phenomena was seen to be that of oxi- 
dation. It will thus be seen that these preliminary studies on 
low temperature distillation, while mainly bringing into view 
what might be termed the scientific or fundamental properties 
of the material, at the same time determined facts which have 
had much to do with developing the practical application of 



iTbe present investifirations are a cootlnuation of the work carried on In 1907-^ and presented 
as a preliminary report under the title of "The Modification of Illinois Coal by Low Tempera- 
ature Distillation**. Bulletin No. 24. University of Illinois. Enffineerinflr Experiment Station, 
by S. W. Parr and C. K. Francis. 1908. 

2"The Occluded Gases in Coal". Bulletin No. 32, University of Illinois. Gnflrineering Experi 
ment Station, by S. W. Parr and Perry Barker. 

S'TheWeatherinnrofCoar*. Bulletin No. 38. University of Illinois. Enffineerinff Experi- 
ment Station, by S. W. Parr and W. F. Wheeler; also "The Spontaneous Coml>ustion of Coal". 
Bulletin No. 46, University of Illinois. Engineering Experiment Station, by S. W. Parr and 
P. W. Kressmann. 
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the information in its relation to storage and spontaneous com- 
bustion. 

In the second phase of the earlier study, i. e., its industrial 
side as related to the development of a special type of fuel, it 
seemed to be established that below a certain temperature, say 
700** F., the heavy hydrocarbons, those chiefly responsible for 
the formation of smoke, could be driven off, yielding a gas of 
high illuminating power, a tar with high percentage of volatile 
oil, and a solid which, while it could be burned without smoke, 
was friable and not well adapted to ordinary use as a fuel. 

3. Outline of Present Investigation. — In the present studies, 
the friable or non-cokintf tendency of the earlier product has 
been found to depend directly upon Ihe amount of oxidation 
that has occurred both in the preliminary exposure at ordinary 
temperature and in the process of heating to moderately high 
temperatures. 

The fact that a coke of good texture could be produced 
when a careful exclusion of oxygen had been effected, has given 
special interest to the present experiments. In addition, im- 
portant facts have developed in connection with the study of 
the various by-products. These by-products have also been 
more or less modified in their characteristics by the exclusion 
of oxygen. 

Briefly outlined, the present studies have developed three 
lines of industrial interest. 

First: The possibility of developing a smokeless fuel of 
good texture and admirably suited to domestic as well as to gen- 
eral industrial use where absence of smoke is essential. The ac- 
companying by-products promise to be of special value. These 
consist of (a) Ammonia, though smaller in quantity than the 
yield obtained at higher temperatures; (b) Illuminating gas of 
high candle-power and high heat value; and (c) Tar, which is 
composed almost entirely of oils, with a minimum amount of 
pitch and free carbon. Some of the oils produced are of pecul- 
iar structure and may have more than passing interest, two of 
the fractions, for example, being readily oxidizable. The iodine 
absorption numbers of the lighter fraction are found to be as 
high as 165. 

Second: They suggest a possible method for the manufac- 
ture of producer gas which would be free from present difficul- 
ties attending the use of bituminous coal, and would convert a 
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much higher per cent of the fuel into the gaseous form. In 
view of recent developments in the matter of combustion, effici- 
encies are possible* where gaseous fuel is available which are 
almost revolutionary in character. 

Third: There are opened up interesting possibilities in the 
production of coke, briquettes or other forms of fuel in a dense 
and stable form to meet certain requirements of shipping, stor- 
ing, foundry, and other industrial uses. Certain facts developed 
in these studies will be found to throw some light on the prob- 
lem of coking, which is at present but little understood'. 

It is not intended here to enter info a discussion of these 
three main topics; they will be taken up again afler the details 
of the experiments have been set forth. The results of the ex- 
periments may then with belter understanding be made to enter 
into the conclusions reached. 

II. Experimental Work 

4. Apparatus. — The apparatus employed is illustrated in 
Fig. 1. From the high pressure main at A, steam was admitted 
to BBj a %-in. pipe 11 ft. long, fitted with two return elbows. 
The steam was then heated by a 2G-burner combustion furnace, 
CC. The retort D, 18 in. by 8 in., containing the coal, was fitted 
with a head / held in place with set-screws and sealed with 
asbestos. From the retort, the distillates were conducted by a 
pipe to a condenser E connected in turn with a large wash 
bottle F. Here the oils and tars were collected while the gases 
passed on to the gasometer G. A Hoskins nickel-nichrome 
thermocouple, inserted through a stufilng box 5 and joined to a 
millivoltmeter K measured the temperature of the retort contents. 
A battery of burners placed directly under the retort provided 
a means for securing additional heat, which was retained 
by means of an asbestos-lined oven which entirely surrounded 
both the retort and the furnace. 

5. Use of Superheated Steam, — Superheated steam was 
used in this series of experiments as a medium for carrying the 



^Surface Combustion. Proo. Am. Gas lD8t.. 19U. By Prof. W. A. Bone. In tbls article 
Prof. BoDe ffives data showing an efficiency in the veneration of steam by use of the principle 
of surface combustion of 94.2 per cent. It should be noted, however, that this efficiency is 
based upon the net heating value of vas. 

*"The question as to what really is the factor that produces the ooklnsr tendency character- 
istic of some coals has been a matter of some speculation among manufacturers and users of 
coke for two hundred years and we are no nearer to its solution now than were the Investlffstors 
of two centuries ago."— Iron Age. 1907. P. C. Keighley. 
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Fig. 1 



heat into the coal mass, in order to distribute the heat evenly 
throughoul the coal and thus obviate the necessily for revolving the 
container. In the earlier experiments ( 1907-1908 . the carboniza- 
tion was carried on in a cvlinder heated externallv and mounted 
on hollow trunions in order to make possible the turning of the re- 
ceptacle, while at the same time the hollow bearings permitted 
the admission of various inert gases at one end and the discharge 
of the distillates at the other. With that device, the frequent 
turning over of the coal seemed to be unfavorable to the forma- 
tion of coke having a homogeneous texture. Moreover, the 
mechanical features were not easily installed. There was 
positive evidence also of the activity of small quantities of oxy- 
gen, which entered by leakage or as an impurity in the circula- 
ting gas employed, thereby acting as a disturbing element. 
There seemed sulTicient reasons, therefore, for employing a 
fixed retort and using superheated steam as the medium for con- 
veying the heat and also for securing a suitable atmosphere for 
the distillation. As will be seen later under the discussion of the 
coking of coal, the use of steam in this manner has other 
advantages which, while not fully appreciated at first, are 
directly in line with the fundamental conditions upon which 
depends the property of coke formation. 

6. Coal Used, — Table 1 gives the data concerning the coals 
used. It should be noted that since these studies were made for the 
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purpose of testing the coking powers of the different coals and 
not to determine their relative commercial values, many of the 
samples selected were cleaner than the general run-of-mine. 
The low ash and sulphur percentages result from the exclusion 
of pyrites. 



TABLE 1 
Composition of Coal 



Mines 
Counties— llliDois 

Vermilion , 

Franklin 

Saline 

Macon 

Perry 

Williamson 



Moisture 



Ash 



Volatile 
Matter 



Fixed 
Carbon 



Sulphur 



B. t. u. 



8.80 


8.72 


43.05 


39.43 


2.88 


6.84 


7.S8 


37.96 


47.82 


1.33 


3.93 


5.80 


37.86 


52.41 


1.54 


8.70 


12.12 


39.30 


40.88 


2.30 


7.19 


10.06 


35.42 


47.84 


.80 


5.30 


8.55 


36 50 


49.66 


2.77 



12678 
12770 
13503 
11417 
12153 
12640 



7. Operation. — A quantity of coal sufTieient for one run 
only from 2500 to 3000 grams, was crushed at one time. In the 
first experiments, the pieces ranged from V-i in. to buckwheat 
size, the dust being removed by a sieve. At first the coal was put 
directly into the retort, but it was found that the circulation of 
the steam was retarded, delaying the heating of the mass. To 
remedy this, a cylindrical sheet-iron container, 6 in. in diameter, 
perforated with small holes, was made to hold the charge. This 
shell '^see Fig. 2) being smaller than the retiort and having a sur- 







Fig. 2 



rounding space of about 1 in., allowed a free distribution of heat. 
It was used throughout the remaining runs of the series. 

Steam was admitted from the main and allowed to blow 
through the system until the air was entirely displaced. The 
combustion furnace was next started and then the burners under 
the retort. The coal was not stirred after heating had begun. 

Table 2 exhibits the average working conditions. By im- 
proving the facilities for applying external heat to the retort, 
the time of the later runs was reduced to an average of about five 
hours. 
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TABLE 2 

Test Conditions : First Series 



Run No. 


8 


4 


i 


6 


7 


Weight of eoaP, grams 


4800 
4080 
475' 
84^ 


6851 

4118 
SIS" 
76.85( 


8195 
1806 
4S0<* 
86.8^ 


3496 
8810 
410* 
80.S# 


8808 


Weight of residue, grams 


8806 


Max. temp, (degrees C.) 

Ratio of coke 


480* 
85.851 



iNineteen runt were made in the first aeries, using Williamson Co. ooal for the first 10 
tests. In the other tests, the ooal eame from the following counties in the order giren. Ver* 
milioo, Williamson, Franklin. Saline. Bfaeon, Vermilion. Vermilion, Williamson. Vermilion. 

8. Distribution of Products. — Table 3 illustrates the dislri- 
bution of products. 

TABLE 3 
Experiment* No. 11 



Coal used< Electric Mine. Danyllle. 111. 

Temperature (average) 450** 

Time of distillation 6hr. 

Volatile matter in original coal not including moisture 48.00 

Volatile matter In coke residue 87.06 

Volatile matter in coke residue referred to original coal . . 88.01 

Loss in weight of original coal, Tolatlla matter only, not 

including moisture 80.88 

Total volatile matter derived as ahove, not including mois- 
ture 48.80 

Total material, removed by distillation including moisture 80.10 

^Selected as a typical example. 

3For methods of calculating percentages of coal constituents in this and succeeding tables 
see Bui. No. 16. p. 800. 111. Geol. Sur. 

TABLE 4 
Yield of Products for Different Periods of Heating 



Time of Heating 


Shr. 


6hr. 


Coal 

Coke 


SOOO grams 
8387 grams 
77.60^ 
838.5 grams 

7.03$b 
808.5 grams 

87 liters 
.46 cu. ft. 

1 


4000 grams 
8908 grams 


Per cent coke 


78.50^ 


Welghtoftar 

Per cent tar . 


810.0 grams 
7.00 5& 


Weight of total water 


848.4 grams 


Per cent free moisture 


I:??! o'8"* 


*' water constitution 


Volume of gas at 760 mm. and 0** 

Calculated to cu. ft. per lb. of coal 


1S4.7 liters 
.54 cu. ft. 







From the preceding tables a fair indication is given of the 
ratio of distribution of the main products of decomposition. A 
study of these three products, gas, tar and coke, has been made, 
sufficient to determine their general characteristics and value. 
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III. Gases 

9. Analysis of the Gas, — The methods of Hempel were used 
in making all gas analyses. For absorbing the illuminants, bro- 
mine water checked with the results from fuming sulphuric 
Acid and was free from the disagreeable properties of the latter. 
The paraffin hydrocarbons were determined by the use of the ex- 
plosion pipette. Hydrogen was determined separately with 
palladium sponge, a variation from the ordinary industrial 
method necessary when higher paraffins are present in the gas. 
■Calorific values were determined with the Parr gas calorimeter. 

It is impossible to determine absolutely the paraffin content 
of a gas by any methods now in general use, when more than 
two of the homologues of methane are present. However, by 
measuring the contraction of the gases and the amount of CO, 
produced in burning tliem in the explosion pipette, the total 
volume of the hydrocarbons having the general formula Cn H2n4-2 
may be determined together with the average value for n. On 
the assumption that the higher homologues are all ethane, the 
percentages of methane and ethane may then be computed^ 

Several analyses of the gases obtained early in the work 
were made, but on account of air leakage in the gasometer, the 
results obtained were misleading. Table 5 shows the average of 
results obtained under satisfactory conditions, from gas evolved 
at an average temperature of 400°. 

TABLE 5 
Gas From Danville Electric Mine Coal 



H2S 


GOl 


Illuminants 


CO 


H2 


C2H6 


CH4 


N2 


B. t. tt. 


'3.S 


•.7 


8.8 


5.8 


5.0 


14.4 


51.4 


5.7 


1038 



The computed heat value of this gas was 1024 B. t. u. and 
agrees closely with that determined directly. Heal values of the 
different gases as given by Abady* were used as the basis of cal- 
culation.' 

From the agreement between the observed heat value as 
shown by the gas calorimeter and the calculated value as derived 



^Abady, Oaa Analyst's Manual, p. 356, 1908. 

SQas Analyst's Manual, p. 581. 1908. 

>Accordlnflr to J. H.Coste (Ctaemioal Enfflneer, February, 1911) it has been found from 
Julius Tbomsen*s flirures that the ayerave caloriflc value of the unsaturated hydrocarbons Is 
«qulTalent to that of propylene. CaH6. 
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from the constituents, indirect evidence is obtained as to the 
correctness of the assumption concerning the composition of hy- 
drocarbons assumed to be present in the higher forms. 

10. Heat Value. — It will be noted that this gas is relatively of 
high heating value, 1024 B. t. u. per cu. ft. Compared with ordi- 
nary city gas at 600 B. t. u. per cu. ft., this gas has a heat value 
about 70 per cent greater, i. e., 1 cu. ft. at 1024 B. t. u. would be 
equal to nearly 1.7 cu. ft. at GuO B. t. u. 

11. Sulphuretted Hydrogen. — The gas is practically free 
from naphthalene but has a considerable content of HjS. The latter 
feature is unexpected, since the temperature of decomposition of 
FeS, is 1000"* C. and above. Doubtless, therefore, the sulphur- 
etted hydrogen present is in the main due to the breaking down 
of the organic sulphur. It seems to be entirely in the form of 
H,S and, therefore, easily removable by the usual methods of 
purification. Some of the coke residue from a coal having orig- 
inally 4 per cent of sulphur was examined to see if any of the 
iron pyrites, FeSj, had been broken down by the temperature em- 
ployed to ferrous sulphide, FeS. Five grams were treated with 
a large excess of dilute hydrochloric acid. The mass was thor- 
oughly washed and the percentage of sulphur remaining deter- 
mined. Test No. 1 gave 3.55% ; No. 2, under identical conditions,. 
3.70%. A quantity of the same residue kept well moistened was. 
then exposed to air and sunlight for a period of twelve days in 
order to oxidize any FeS present to a sulphate. After washing, 
the sulphur content was 3.74%, indicating that FeS in the origi- 
nal sample was absent.^ It is evident, therefore, that the pyritic 
iron had been little affected by the temperatures of the retort. 

12. Ammonia. — Any by-product process for the carboniza- 
tion of coal would, of course, take account of the nitrogen liberated 
in the form of NHg. At the temperature employed in these experi- 
ments, it would not be expected that any considerable part of the 
nitrogen organically present would be decomposed. The follow- 
ing values are shown in a distillation* varying in temperature 
from 375°-400°C. In this work the entire distillate from a run of 
3000 grams was retained and the total ammonia of the liquor de- 
termined. It was found to contain ammonia as NHg sufficient to 



iOd ihe subject of the decomposition of pyrite, Peters, in PrincipUt of Oopjter Smeltina. p. 
968. quotes Sticht as saying "At dull red heat FeS2 loses V7 of its sulphur and becomes FerSs . 
At ISW, it becomes for the first time FeS*'. 

SfSzperiments by Mr. E. C. Hull, Fellow in Chemistry, University of Illinois. Enffineering- 
Ezperiment Station, March, 190B. 
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represent a yield of 0.8 lb. per ton of coal, somewhat less than l^ 
of the yield from high temperature distillation. It is not certain 
that the value of this product would pay for its recovery. 

13. Decomposition of Oxygen Compounds. — The oxygen 
compounds upon decomposing form water. They are, therefore, 
often referred to as the water of constitution. They are prop- 
erly considered under this division, though not forming perma- 
nent gases. It is a question of great interest whether any decom- 
posing action in connection with the temperatures employed has 
taken place. If such decomposition has occurred, it has by so 
much enriched the fuel value of the remaining coke for the rea- 
son that these compounds are inert and noncombustible and, 
when present, by so much increase in effect the ash factor so far 
as combustion is concerned. The fact of their decomposition 
is shown by the increase of water content in the distillate over 
and above that which would normally occur from a condensa- 
tion of the hygroscopic moisture alone. While this fact was not 
available in the case of distillation with superheated steam, the 
point was well established in the previous experiments^ as also 
by experiments conducted by Mr. E. G. Hull, not heretofore pub- 
lished, in which careful measurement was kept of the amount of 
water distillate recovered from the coal used.^ Thus, from the 
work of the latter we have the following: 

TABLE 6 



3000 Grams 
Coal Distilled 
for 3 hr. Temp. 

800*' 10 400** 



4000 Grams 
Coal Distilled 
for 6 hr. Temp. 

300** to 400* 



Weiirbt of water in distillate 906.5 348.4 

Weiffbt of free molstare in oriffinal coal lOS.O ISO 

Excess water from decomposition of oxygen compound in coal 106 . 5 tSS . 4 

Per cent of water from decomposition of oxygen compound .... 3.55 5.71 

14. Summary of Data Conceming the Gaseous Product, — 
Distillation of Illinois coals at temperatures averaging 450° C. 
and not exceeding 500° G. produces a gas having a heating value 
exceeding 1000 B. t. u. per cu. f L The yield approximates ^/^ cu. 
ft. per lb. of coal which, at the heat value present, would repre- 
sent a yield of 1.00 cu. ft. per lb. of a gas with a heat value of 
500 B, t. u. per cu. ft. The ammonia yield is low, being approx- 
imately 3 lb. of ammonium sulphate per ton of coal. Decom- 



iBulletin No. t4. University of Illinois, Engineerins Experiment Station, Parr and 
fVanois. 

*See also Porter and Ovits. Bulletin No. 1 . U. S. Bureau of Mines, p. S6-28. 
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position at this temperature extends to the oxygen compounds, 
which are in the main carried ofT and appear in the condensate 
instead of in the gaseous product. This feature will be referred 
to again under the discussion of the composition and properties 
of the coke residue. 



IV. Tar 

15. Composition. — As already noted, the amount of tar re- 
covered from the distillations approximates % of the yield of vol- 
atile matter and in thesample noted where a direct weighing w€is 
made (Table 6), this material represents very nearly 8% by 
weight of the original coal. An exhaustive study of this ma- 
terial would be an elaborate topic for research in itself. We 
can, therefore, give only the general characteristics of the ma- 
terial as found by fractional distillation as follows: 

TABLE 7 
Fkagtions From Low Temperature Tar 



AmouDt of tar (exelusiye of water carried over). , 

Light oil ( 20°- 100^) 

Praotlomb) (100*-K)0«) 

lo) (100* HMO") 

(d) (MO^-rS") 

Coke residue 



876 fframs 




».l •' 


10.5^ 


109.1 


10.1 


111.8 


19.8 


10.6 


5.5 


80.0 


11 .S 



From the results as given in Table 7, it will be seen that 75% 
of the material classed as tar is in reality oils of different spe- 
cific gravities and thus of much greater value than the pitch 
proper. This latter product, moreover, is much smaller in 
amount than is produced with high temperature distillation. In 
the latter case over one-half of the tar is pitch, with a consider- 
able content of free carbon suspended in the material. The low 
temperature product is approximately one-fifth a pitch residue 
with some suspended carbon present, seemingly depending on 
the extent to which the temperature of the coal mass has been 
carried above 400°. 

16. Properties of Oils. — The further examination of the oils 
distilled from the tar has developed the interesting fact that these 
oils are readily oxidizable. As a measure of this property the 
iodine absorption number was determined with results as given 
in Table 8. It is realized, of course, that the iodine absorption 
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must include or represent other activities than simple oxida- 
tion especially in a complex mixture where members of the aro- 
matic series are present. 

TABLE 8 
Iodine Absorption op Oil Distilij^te 



Fnetion b, \(Xf-moi' (»$&).. 
Fraction e. M0*-94l0° {»M ) 



Iodine No. 166 
116-125 



Further study of the oils recovered is necessary in order to 
determine their specific values. Their ready oxidizability opens 
up a very interesting and suggestive field. For example, this 
feature is a marked characteristic of drying oils, turpentines, etc., 
used in paint mixtures. The question arises as to whether these 
oils will have drying qualities, i. e., will they not simply evapo- 
rate, leaving no residue, or will they oxidize in such a manner as 
to produce a film-covering, which will serve as a paint vehicle. 
Or, in a mixture with a drying oil such as linseed or similar 
oil, will they promote the peculiar properties of such oils which 
make them of value for paint mixtures? While only a few gen- 
eral points in this connection have been developed, they indicate 
characteristics of great interest and, possibly, value. It seems 
fair to conclude that in some measure at least the iodine ab- 
sorption numbers are an indication of the avidity of the oils for 
oxygen. This is shown by the rapid discoloration of the oil 
when exposed to the air and to the fact that the lighter fraction 
will yield a dry film on glass at a 45° angle when exposed for 24 
hr. under the usual standard requirements for such test. The 
second fraction has also drying properties, but the process is 
much slower. Or, rather, a fractionation appears to take place 
in which the drying oil forms a hard gelatinous film while the 
non-drying portion segregates into minute globules which are 
more or less enveloped by the films of oxidized oil. At least, it 
may be said of the oils which make up the element of the tar, 
they are available directly as fuel or for enriching or carburet- 
ting water gas. For example, if the process were continued to 
include the manufacture of water gas from the coke residue, 
the oil of the tar would doubtless enter into the reaction in the 
same manner as the crude petroleum now used, and thus would 
furnish the needed enrichment without the clogging effect which 
results when the attempt is made to use the raw coal directly in 
the manufacture of water gas. 
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V. Coke 

17. Yield of Coke. — The yield of coke, under average condi- 
tions, as already noted in previous tables, is approximately 75% to 
80%. This factor will, of course, vary greatly with the amount 
of ash originally in the coal and on the temperature at which the 
distillation has been carried on. These items of variation are 
shown in the following table where material of widely varying 
composition was used. 

TABLE 9 
Composition of Coke Residues 



Experiment No. 11 
Vermilion Co. 



Experiment No. 13 
Franklin Co. 



Experiment No. 14 
Saline Co. 



Moisture 

Ash. 

Volatile matter 

Fixed Carbon 

Sulphur 



.34 

11. IS 

S7.61 

60.90 

S.68 

128U 



.40 

0.S8 

26.60 

63.73 

l.tl 

13446 



6.07 

23.50 

60.33 

1.30 

13746 



TABLE 10 

Showing the Yield of Coke Fkom Various Coals Referred to 

Original Coal — Dry Basis 





Experiment 
No. 11 


Experiment 
No. 13 


Experiment 
No 14 


Ash 

Volatile matter expelled 

Residual ooke 


0.56 
35.48 
78.10 


7.03 
18.00 
84.73 


6.04 
10.18 
84.86 







18. Heaclions Involved, — In the transformation illustrated 
by the change from the composition as given for the raw coal in 
Table 1 and the residual coke as shown by the table above, No. 
9, certain facts may be deduced as follows: 

First : there has been, seemingly, a decomposition of the vol- 
atile matter in a manner which would increase slightly the fac- 
tor for fixed carbon. For example, if the fixed carbon be calcu- 
lated as indicated in Table 11 to a percentage of ash correspond- 
ing to that of the raw coal, comparisons will be obtained as 

follows : 

TABLE 11 

Comparisons of Fixed C.\rbon in Original Coals and Residues, Dry Basis 



Experiment No. 11 
Vermilion Co. 



Experiment No. 13 
Franklin Co. 



Experiment No. 14 
Saline Co. 



Fixed carbon in oriirinal coal ... 
Fixed carbon in coke residue re- 
ferred to original ash 



I • « • « • • 



4S.S4 
46.80 



51.90 
54.10 



54.56 
50.70 
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19. Ox-tjgep Hemoved. — As has already been stated, the ae- 
compositions occurring at temperatures in the neighborhood of 
400"* G. include the liberation of oxygen, or, as it is frequently 
designated, the water of constitution. Since this ingredient of 
Ihe raw coal is non-combustible^ it has the same function as so 
much ash. Its removal, therefore, serves to make of the result- 
ing material a richer or more concentrated fuel. This feature 
is still further promoted by the removal of the hygroscopic or 
free moisture which usually exceeds in amount the water of 
composition. This point may be illustrated by the accompany- 
ing table wherein the heat values per pound of the original coal 
are compared with the heat values per pound of the residual 
coke. There is also given an estimate of the amount of non- 
combustible material removed in the form of water in the pro- 
cess of decomposition. 

TABLE 12 



Samples 



B. t. u. i>er 

lb. As 
Received 



B. t. u. 

After 

Treatment 

per lb. 



Gain 

Thermal 

Units 



Gain 
per cent 



Estimated 
Loss of Total 
Non-combusti- 
ble Free and 
Combined 
Moisture 



Williamson Co 

Saline Co 

Vermilion Co.. 



ise95 
13583 
1M73 



13150 
13746 
11892 



466 

163 
219 



8.60 
1.63 
1.72 



10.30 

8.93 

13.30 



20. Properties, Porosity, Hardness, etc. — The coke material 
obtained by this process varies in character somewhat with the 
kind of coal used, and also the amount of pressure employed 
during the carbonization. The Williamson Go. coal, for exam- 
ple, gives a coke of much finer texture and less porosity than Iho 
coal from Vermilion Co. With a view to determining the reason 
for this greater porosity or to finding the conditions that would 
modify it, the attempt was made to carry on a test with the coal 
sample under pressure. To this end the following apparatus was 
used: 

21. Apparatus. — A, Fig. 3, is an iron cylinder, 8 in. by 4 in., 
fitted with screw caps B and B\ which received the coal. The 
movable piston G to which is attached a long rod D, is pressed 
against the charge by tightening the nuts EE. The cylinder is per- 
forated with small holes to allow the escape of gases. This con- 
trivance was fitted into the retort originally used and heat was 
applied as before. 



iBulletinNo. 3. Illinois Geological Survey, p. 32-38. 
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Exhibit 1 shows the results obtained when pressure is 
applied slowly during the entire heating period. The outer 
portions passing through the temporary state of fusion soon 
harden and form a wall which resists exiiernal pressure. The 
inner core, therefore, is extremely porous. When sulllcient pres- 




Fio. 3 

sure is applied, the outer part fractures and, as in this case, the 
residue comes out broken up into small pieces. The coke shown 
in the figure is from coal from Perry Go. The specific gravity 
of the outer portions of the mass is .733 against .652 when 
coked without pressure. 

It was evident, therefore, that in order to get a firm block, 
pressure must be constant. In the next run, the charge was 
rammed into the cylinder and the piston was screwed up tightly 
but not moved after healing had begun. The resulting column 
cohered well and showed the same increase in specific gravity as 
the one mentioned above. 

22. Illustrations of Various Products. — ^An interesting fea- 
ture of the product is the complete fusion of the mass, where 
proper conditions exist, i. e., the individual particles of coal of 
buck-wheat or pea size have completely lost their identity, the 
resulting homogeneous mass showing no lines of demarcation 
from the original pieces of coal. The texture, however, in some 
cases is finer or closer than in others. These points are well 
illustrated in photographs of typical masses as reproduced in 
exhibits 2 and 3, for coals from southern Illinois. Exhibit 4 
represents a somewhat coarser texture. It was made from Ver- 
milion Go. coal. For the composition of these samples, reference 
is made to Table 9, p. 14. Exhibit 2 from Saline Go. coal showed a 
crushing strength of 750 lb. per sq. in^ exhibit 3 from a Franklin 

Uohn Pulton, (Coke. p. 331.) firlves 1100 lb. per sq. in. as the ultimate orusblng strength 
of standard ConnellsTlUe ooke: by-product coke Is. in ffeneral. considerably stron^r. 

The orushtn? strength is important in reference to the load or burden the ooke can with 
stand in the furnace without crushing. 
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Co. sample crushed at 900 lb. On account of its coarse cellular 
structure, exhibit 4 showed little rigidity, and broke down at a 
pressure of 300 lb. 

23. Resume Relating to the Coke Product. — It is evident up- 
on examination of the coke product obtained, as above described, 
that we have here a fuel of firm texture, not readily broken 
down by handling and producible in the most convenient sizes 
for handling and for efficiency in combustion. It is, moreover, 
in a more concentrated form, in that for the most part, the free 
moisture and the water of constitution have both been removed. 
Thus in freshly mined coal there would be eliminated from 15 to 
20 per cent of inactive material. Again, the heavy hydrocarbons 
have been removed. These are the constituents most directly 
responsible for the formation of smoke in the combustion of 
untreated coal. It is to be noted further that because this coke 
has been subjected to a temperature just approaching a red heat, 
it will not begin to evolve volatile matter, when thrown upon the 
fire, before it again comes up to or passes that temperature. 

The effect of this point is twofold: first, there is obviated the 
cooling effect which must be necessary in the vaporization of 
moisture in the raw coal which also lowers the temperature just 
when a high temperature is needed for burning the heavy hydro- 
carbons; and second, the remaining gases to be evolved consist 
almost wholly of ethane or marsh gas (GH4) and hydrogen, both 
of which are readily combustible. The hydrogen, of course, 
burns with a non-luminous flame and is incapable of making 
smoke. The marsh gas (GH4), though it has carbon in its com- 
position, adds but little luminosity to the flame and is almost in- 
capable of producing smoke in the process of combustion. 

It may be well to analyze briefly the processes of combustion 
as they occur in an ordinary hand-fired furnace. The first result 
of throwing a mass of coal upon a fire is to lower the tempera- 
ture during the lime of volatilization of the moisture in the coal. 
Theoretically, the temperature of the mass during this process 
would remain at or slightly below 100° G. 

Other factors tending to lower the temperature would be the 
specific heat^ of the coal and the heat necessary to effect the de- 
composition, since it is probable that the decomposition reactions 
are endothermic up to approximately 300° G^ 

iBulletlD No. 46. UniTersity of Illinofs Enffineerincr Experimeot Station. Parr and Kress- 
mftD. p. 34. 

^Bulletin No. S4, University of Illinois, EnBrineering Experiment Station. Parr and 
Francis, p. 4«— 47. 
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II is to be noted that during this depression of the general 
temperature there is being distilled from the coal such volatile 
substances as are liberated at these lower temperatures. This 
point can best be illustrated by means of the accompanying dia- 
gram. In Fig. 4, the region 'between the lines A and B may be 
assumed to include those volatile constituents that are driven off 
at a temperature below 400'' G. This area includes the free 
moisture of the coal, the combined moisture or water of con- 
stitution, or as some prefer, the oxygen compounds of the coal, 
shown on the chart as inert volatile; and, in addition, some of 
the pure hydrocarbons which constitute a portion of the true 
volatile combustible matter. It is, moreover, the nature of this 
latter or volatile combustible material with which we are just 
now concerned in this discussion of the processes of combus- 
tion. It is to be noted first that this volatile matter contains the 
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bulk'of the heavy hydrocarbons. By this is meant that they be- 
long to the higher series of any of the homologous compounds 
present which in general are characterized by a higher percent- 
age of carbon. For example, if the series is that of marsh gas 
or methane GH4, i. e., Gn H,n+2^ then the next higher order of 
this series would be ethane or G^Hg, and the next, propane or 
GgHg. The carbon percentages, respectively, being 75, 80,81.8, 
etc. Again a very considerable part of the volatile matter de- 
livered at this temperature belongs to the methylene series 
Cn H,n , and the first known member of the series is ethylene or 
oleflant gas, G2H4, with a carbon percentage of 92.92. Moreover, 
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this last compound may be made to break down under higher 
heat into members of other series, as acetylene, G4H4, benzene, 
CgHg, and naphthalene, GioHg. Other members of the ethylene or 
paralBn series are found which ally the resulting complex 
mixture quite closely to the very cora-plicated compounds with 
which we are familiar in petroleum. 

The point to be noted in this phase of the discussion is the 
fact that these compounds discharged at this relatively low tem- 
perature, and having these high percentages of carbon, are tlie 
most difflcult of complete combustion without the formation of 
Bmoke. 

It is not necessary here to discuss the mechanics of com- 
bustion of hydrocarbons. As a result of the researches of H. B. 
Dixotf and of Professor Bone^ the selective theory of oxygen for 
hydrogen or the dogma of "preferential combustion of hydro- 
gen" has been obliged to give place to the theory of the inter- 
mediate formation of ''oxygenated" or "hydroxylated" mole- 
cules. In any event, or whatever the theory finally developed by 
Professor Bone in his most important researches on combustion, 
the fact remains that these heavier hydrocarbons ore the most 
"difficult of all with which to effect complete combustion, and 
that even under favorable circumstances the tendency in their 
combustion is to form condensation products in which free car- 
bon largely predominates. The faulty reaction is thereby made 
visible to. the eye as smoke. A good illustration of this f^ct is 
found in acetylene gas, which requires a special burner with 
special provision for an extra oxygen supply in order to produce 
a smokeless flam'e. 

Smokeless combustion of raw coal is secured, therefore, 
by observing the principles indicated above ; i. e., there must be 
uniform and gradual accession of fresh coal and a combustion 
chamber maintained at a sufficiently high temperature, and the 
same extending over a sufficient space to permit of ultimate 
mixing and contact of the oxygen with the combustible gases. 
Other conditions such as accelerating the reaction by introduc- 
ing the principle of surface combustion, as developed by Pro- 
fessor Bone, may at some time be added to the mechanical 
and physical conditions now in vogue. But while these provis- 
ions are readily adapted to large steam generating units, they 
are impossible of application to the larger members of combus- 

iPhil. Trans. 1808. 150; Trans. Chem. Soc. 01. 873 (189S): 
sCbem. News. lOS. 300(1911). 
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lion processes such as are common to the small plant, houSe 
heaters, and possibly to locomotives. It is these latter cases es- 
pecially thai demand a modified fuel which can be burned with- 
out the formation of smoke. 

It will thus be seen that in the low temperature distillation 
of coal, processes have been put into operation which have 
taken out the heavy smoke-producing ingredients, and have also 
removed the moisture, both free and combined, which are chiefly 
responsible for the depression of temperatures under ordinary 
conditions. There is left, moreover, as volalile matter, practi- 
cally these volatile substances only; methane CH4 and hydrogen, 
which most easily of ail the gaseous products from coal, main- 
tain a smokeless combustion. 

VI. The Formation op Coke 

The experiments as thus far conducted seem to throw some 
light upon the matter of coke formation. In tiiis discussion of 
the theories involved, it may be helpful to formulate certain hy- 
pothetical conditions which have had more or less confirmation in 
these studies, as follows : 

First: For the formation of coke there must be present cer- 
tain bodies which have a rather definite melting point. 

Second: The temperature at which decomposition takes 
place must be above the melting point. 

Third: Where the compounds that satisfy the first and 
second conditions are unsaturated, it is possible by subjecting 
them to oxidation to so lower the temperature of decomposition 
as to alter the second condition prescribed, in which case coking 
will not occur. 

Discussion of Conditions. — The first condition prescribed 
above may be well illustrated by the behavior of sucrose or cane 
sugar. This substance has a rather low melting point, say, 160^ 
G. This melting point, however, is just below the temperature 
of decomposition. Where this point is reached, gaseous products 
in the form of steam, etc., are delivered, leaving behind, if the 
high temperature is continued, a mass of coke. On the other 
hand, if starch is heated in a similar manner, it does not melt 
but its first action is that of decomposition. When this is car- 
ried to completion, there remains not a strongly coherent mass 
but easily disintegrated particles of carbon. Pure cellulose be- 
haves in a still more striking manner, showing no fusion pro- 
perties whatever as maybe demonstrated by distilling in a closed 
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lube some cotton fiber, or other form of cellulose such as filter 
paper beaten to a pulp and dried. Wood, however, if not disin- 
tegrated, as in the form of sawdust, has enough resinous 
material closely associated with the fibrous structure to bind 
tihe carbon filaments resulting from the decomposition of the 
cellulose by reason of the fact that these gums, or resins, have 
a melting point below that of their decomposifion temperatures, 
and thus form a binding film of carbon throughout the mass, 
producing a sort of coking effect which we find in charcoal. 

In the case of Illinois coals, we find the first prerequisite 
formulated above, as present in a marked degree. As an illus- 
tration of the fact of a low melting point, reference is made to 
exhibit 5, which is a photograph of a mass of such ma- 
terial, which exuded from a sample of Vermilion Go. coal, sub- 
jected to the usual treatment as described on p. 7. The lump 
shown is a part of a mass that flowed out of the container, 
forming a bubble-like puddle. It would seem, therefore, that 
this type of coal from the north Danville field (Electric mine) 
has the first essential for coke formation in a marked degree. 

As illustrating the conditions which exist where oxidation 
had been allowed to take place, an example is given in exhibit 6. 
This was made from a weathered sample of coal from 
Niantic. It had little if any tendency lo fuse; the individual 
particles of coal still retain their form and the mass may be eas- 
ily crumbled between the fingers. It should be noted that this 
result is not due to. any inherent quality possessed by the original 
coal; a Danville mine sample, for instance, weathered to a like 
degree, gives the same results. 

Test No. 9. — Another verification of this point, though in a 
more marked manner, was the result of test No. 9. The coal 
used was the fine material which had collected from the prepar- 
ation of the previous tests, all of which had given excellent sam- 
ples of coke in their freshly prepared condition. A quantity of 
coal passing through a 10-mesh sieve had accumulated through a 
period of about six weeks and had been stored in an ordinary 
coal hod in the grinding room. After being heated for eleven 
hours under conditions identical with those of the preceding 
runs, it showed no signs of fusion and was entirely without cok- 
ing properties. 

It is evident from these tests that the very great avidity of 
fresh coal for oxygen is evidence of the presence of those com- 
pounds which satisfy the first of the hypothetical conditions, 
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p. 17, and the subjection of the coal to oxidation destroys the 
fusion property of the fresh coal and produces a condition cor- 
responding to that described under the third proposition, in 
which the coking properly is lost. 

Other sttidies on the nature of the coking process were car- 
ried out as follows: The apparent plasticity exhibited by the 
coal during certain stages of the treatment suggested the idea 
of compressing it into a briquette at the time when it would most 
easily yield to pressure and when it would presumably cohere 
without requiring an artificial binder. Accordingly, a cupel 
press with a pressure of 500 lb. was provided and the retort was 
charged with Danville mine coal. At the time of maximum evo- 
lution of gas, the heat was suddenly shut off and the retort 
quickly opened. It was found at this point that the outer and 
hotter portion of the mass was hard and unyielding. A soft in- 
ner core was discovered, however, and portions of this were put 
into the press. The resulting briquette is shown in exhibit 8. The 
escaping gases have swollen it; considerably. Determinations of 
the amount of volatile matter possessed by the coal when in the 
plastic condition showed that this constituent had been reduced 
very little, — from 38 % to 30 %. In short, the state of fusion seems 
to exist in early stages of distillation but disappears before the 
process has proceeded far. 

In one of the earlier tests with Danville mine coal using the 
apparatus described in Fig. 3, the extreme fusibility of this type 
was again demonstrated. As the piston was slowly forced in, 
pencils of bituminous matter were squeezed out through the 
holes of the cvlinder. Exhibit 5 includes some of these 
nodules. The fact that there was a selective separation of bi- 
tumen is proved by a comparison of the ash values, the residue 
as a whole having 13 %, the nodules, 8 % of ash. 

The readiness with which the cementing material ran to 
waste seemed to indicate that the coal contained a superfluous 
amount of it — moi'e than was necessary for binding itself togeth- 
er. The correctness of this view was shown by a series of runs 
in which crushed gas house coke and anthracite were heated 
with varying amounts of bitimiinous coal. 

Exhibit 7 shows the hard firm product resulting from 
the mixture of equal parts of Majestic bituminous coal and 
gas house coke, both crushed to 20 mesh. Fairly good results 
were obtained in the next run with 75 % of the coke and only 
25 % of Danville Electric coal. In like manner, powdered an- 
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Ihracite and biluminous coal in ratios varying from 1 : 1 to 3 : 1 
were firmly cemented together. Pitchy material no longer 
exuded from the retort, being absorbed, seemingly, by the added 
substance. 

One of the essential factors in this scheme for briquetting 
loose infusible material with bituminous coal is the use of the 
press for keeping the two substances in close contact. On ac- 
count of the difficulty of applying such a contrivance in indus- 
trial work, attempts were made to attain the desired end by us- 
ing temporary binders, i. e., substances which might hold the par- 
ticles together clbsely until the permanent coal binder could 
relieve them. 

Mixtures of Danville mine coal and Danville mine coke resi- 
due No. 17 in the proportion 3 : 1 were thoroughly moistened 
with water and pressed (1) in the cupel machine and (2) in a 
testing machine up to 1000 lb. per sq. in. Neither of the bri- 
quettes survived the subsequent heating, being disintegrated, 
seemingly, by tihe escaping steam. The same effect, though to a 
much less degree, was noted when coal tar was employed. The 
resulting briquette retained its shape, but was rather soft and fri- 
able. Crude molasses, of all the binding materials tride, proved to 
be the best for this purpose. Different percentages of the molasses, 
panging from 5 to 15, were tested out at difTerent times. Below 
ten per cent the strength of the briquette was much diminished. 
Exhibit 9 is a 3:1 mixture v^f Danville mine coke residue 
and fresh Danville mine coal, both ground to 20 mesh, first 
bound with 11 % of molasses and then pressed in the cupel ma- 
chine. The cake was next heated in the retort under the atmos- 
pheric conditions of all the preceding runs. This briquette 2 in. 
high and 2 in. in diameter, has a crushing strength of 550 tb. 
per sq. in. Exhibit 10 shows anthracite briquettes made 
in the same way. They have a specific gravity of 1.02 and crush 
at 650 lb. per sq. in. 

These tests seem to show that the fusible substance of Illin- 
ois coals is the true binding material in the coking process; that 
it is present in such abundance as to produce a coke of too open 
and spongy a character as a result of the evolution of the large 
amount of gaseous products which result from its decomposi- 
tion. In this respect, it is paralleled by the behavior of sugar in 
the process of coking, which yields as a result of the large vol- 
ume of escaping gases a very porous mass of sugar, coke or car- 
bon. However, if the raw coal is mixed with a considerable 



22 ILLINOIS ENGINEERING EXPERIMENT STATION 

p. 17, and the subjection of the coal to oxidation destroys the 
fusion property of the fresh coal and produces a condition cor- 
responding to that described under the third proposition, in 
which the coking property is lost. 

Other studies on the nature of the coking process were car- 
ried out as follows : The apparent plasticity exhibited by the 
coal during certain stages of the treatment suggested the idea 
of compressing it into a briquette at the time when it would most 
easily yield to pressure and when it would presumably cohere 
without requiring an artificial binder. Accordingly, a cupel 
press with a pressure of 500 lb. was provided and the retort was 
charged with Danville mine coal. At the time of maximum evo- 
lution of gas, the heal was suddenly shut off and the retort 
quickly opened. It was found at this point that the outer and 
hotter portion of the mass was hard and unyielding. A soft in- 
ner core was discovered, however, and portions of this were put 
into the press. The resulting briquette is shown in exhibit 8. The 
escaping gases have swollen it; considerably. Determinations of 
the amount of volatile matter possessed by the coal when in the 
plastic condition showed that this constituent had been reduced 
very little, — from 38 % to 30 % . In short, the state of fusion seems 
to exist in early stages of distillation but disappears before the 
process has proceeded far. 

In one of the earlier tests with Danville mine coal using the 
apparatus described in Fig. 3, the extreme fusibility of this type 
was again demonstrated. As the piston was slowly forced in, 
pencils of bituminous matter were squeezed out through the 
holes of the cylinder. Exhibit 5 includes some of these 
nodules. The fact that there was a selective separation of bi- 
tumen is proved by a comparison of the ash values, the residue 
as a whole having 13 %, the nodules, 8 % of ash. 

The readiness with which the cementing material ran to 
waste seemed to indicate that the coal contained a superfluous 
amount of it — more than was necessary for binding itself togeth- 
er. The correctness of this view was shown by a series of runs 
in which crushed gas house coke and anthracite were healed 
with varying amounts of bituminous coal. 

Exhibit 7 shows the hard firm product resulting from 
the mixture of equal parts of Majestic bituminous coal and 
gas house coke, both crushed to 20 mesh. Fairly good results 
were obtained in the next run with 75 % of the coke and only 
25 % of Danville Electric coal. In like manner, powdered an- 
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this last compound may be made to break down under higher 
heat into members of other series, as acetylene, C4H4, benzene, 
CgHg, and naphthalene, CioHg. Other members of the ethylene or 
parallin series are found which ally the resulting complex 
mixture quite closely to the very com-plicated compounds with 
w^hich we are familiar in petroleum. 

The point to be noted in this phase of the discussion is the 
fact that these compounds discharged at this relatively low tem- 
perature, and having these high percentages of carbon, are the 
most diilicult of complete combustion without the formation of 
smoke. 

It is not necessary here to discuss the mechanics of com- 
bustion of hydrocarbons. As a result of the researches of H. B, 
Dixotf and of Professor Bone* the selective theory of oxygen for 
hydrogen or the dogma of "preferential combustion of hydro- 
gen" has been obliged to give place to the theory of the inter- 
mediate formation of "oxygenated" or "hydroxylated" mole- 
oules. In any event, or whatever the theory finally developed by 
Professor Bone in his most important researches on combustion, 
the fact remains that these heavier hydrocarbons axe the most 
difficult of all with which to effect complete combustion, and 
that even under favorable circumstances the tendency in their 
combustion is to form condensation products in which free car- 
bon largely predominates. The faulty reaction is thereby made 
visible to. the eye as smoke. A good illustration of this ffect is 
found in acetylene gas, which requires a special burner with 
special provision for an extra oxygen supply in order to produce 
a smokeless flam'e. 

Smokeless combustion of raw coal is secured, therefore, 
by observing the principles indicated above; i. e., there must be 
uniform and gradual accession of fresh coal and a combustion 
chamber maintained at a sufficiently high temperature, and the 
same extending over a sufficient space to permit of ultimate 
mixing and contact of the oxygen with the combustible gases. 
Other conditions such as accelerating the reaction by introduc- 
ing the principle of surface combustion, as developed by Pro- 
fessor Bone, may at some lime be added to the mechanical 
and physical conditions now in vogue. But while these provis- 
ions are readily adapted to large steam generating units, they 
are impossible of application to the larger members of combus- 

iphll. Trans. 1808. 190: Trans. Cbem. Soc. 61. 878 (18M): 
sCbem. News. 108. 300(1011). 
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amounl of material which has already gone through the coking 
process, or which has at least given off the larger part of its 
gases, and then has been reduced to a fine division like breeze, 
the cementing material of the fresh coal is able to disseminate 
throughout the mass, and the gases may also escape without 
blowing it into a spongy mass, with the result that a coke of 
good texture is formed. Exactly in a similar way, if molasses 
or other sucrose or glucose material be substituted for the fresh 
coal, we shall have again the formation of a dense coke capable 
of retaining its shape under conditions of firing much better 
than where a plastic binder is used. In both cases a strongly 
cohering mass is produced which meets the requirements of 
handling, storage, and combustion with the greatest efficiency 
and the least formation of smoke. A small admixture of raw 
coal may thus be made to serve the purpose of a binder for ma- 
terial otherwise wasted as coke breeze at a cost which would 
enable it to compete with the pitch binders now in use. It also 
suggests a process of fractional coking, or coking in two stages. 
The first result at the lower temperature furnishes a product 
which, when ground to a moderate degree of fineness and mixed 
with a small portion of fresh raw coal, would furnish the essen- 
tial conditions for producing a coke of dense nature with a 
binder so distributed as to give the material a strength quite 
comparable with that produced by coals of the regular coking 
variety. Moreover, an advantage would be evident in such ma- 
terial, especially for use in household appliances, in that it 
would be more lively in combustion and less difficult of manipu- 
lation in the matter of maintaining a fire than coke made by the 
usual methods. 

One point further is to be noted in this connection. It was 
said at the beginning of the discussion that superheated steam was 
employed for the purpose of conveying heat into the material so 
that it would not be necessary to revolve the apparatus in order 
to secure an even distribution of heat. ' It is seen from the above 
detail of the essential conditions to be observed in the coking of 
coals, at least of this class, that an atmosphere free from oxygen 
is of prime importance. Indeed following the indicated require- 
ment, the coal should be fresh, or as recently mined as possible, 
and in any event retained in larger sizes than in a broken down 
or a fine state of division, in order that the least possible oppor- 
tunity be given for the absorption of oxygen. Furthermore, by 
first admitting steam or bringing the coal into an atmosphere of 
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superheated steam, the effect is to- drive out such oxygen as has 
been occluded or absorbed by the coal and as yet not chemically 
combined. This is also brought about at temperatures and other 
conditions least conducive to a reaction between oxygen and the 
coal substance. Moreover, from former experiments,^ it has 
been shown that no reaction at these temperatures takes place 
between the steam itself and the coal. These principles have an 
important bearing on certain recent tendencies to concentrate 
gas production and coke manufacture in large units and distri- 
bute the gaseous products at high pressure. From the above, it 
would seem that the nearer such units were located to the mine 
or pit-mouth, the belter. If it is found, as seems probable, that 
the coke residue is a suitable material for further continuation 
of the gas-making process for the manufacture of producer gas, 
then the above advantages and essential conditions would be 
magnified. 

A discussion^ by Prof. Lewes, relating to English coals, bears 
such a striking resemblance to the facts developed in our own 
work on Illinois coals that the references have especial interest in 
this connection. Lewes develops his theories on the basis of the 
existence in coals of four types of degradation products which 
have all come from two original fornisof vegetation; viz: cellulose 
or lignose, and resinous bodies such as the spores of the lycopodia. 
The first form of vegetation, i. e., the cellulose, has produced the 
coal compounds of the humic andulmic types, while the resinous 
bodies have produced the other three, viz: (1) : resinous bodies 
with but little alteration; (2) isometric or other slight modifica- 
tions in form rather than of composition ; and (3; decomposition 
products from resins produced by the action of heat and pres- 
sure and consisting of a long series of both saturated and unsat- 
urated compounds, hydrocarbons of the hydro-aromatic series, 

and saturated hydrocarbons, like hexane, pentane, etc. 

**A11 these degradation products of the original vegetation are to be 
found in the bituminous coals, the residual body and humus forming 
the basis, which is luted together by the hydrocarbons and resins, and 
the characteristics of the various kinds of coal are dependent upon the 
proportions in which the four groups of the conglomerate are present. 
* * * * The resin bodies and hydrocarbons which form the cementing 
portion in the coal melt between 300" and 320''C, and if a coarsely pow- 
dered sample of the coal becomes pasty or semi-fluid at this temperature, 

iParr and Franoii. p. 45, Bulletin No. t4, Enfflneerlnff Experiment Station. 

lA recent contribution to the theories of coke formation is made in a lecture by Vivian B. 
Leves. Professor of Chemistry, Royal Naval College. Greenwich. England, published in Pro - 
^resslTe Age. Dec. 15, 1911, page 1090. 
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it is a strong inference that the coal will coke on carbonization, a fact 
noted by Anderson, and which I have found very useful in practice as a 
rough test. About these temperatures also the resin bodies and hydro- 
carbons begin to decompose. 

The resin bodies at low temperature yield saturated hydrocarbons, 
unsaturated, chiefly hexahydrides or naphthenes, together with some 
oxygenated compounds, while the hydrocarbons yield paraffins and liquid 
products, all these primary constituents undergoing further decomposi- 
tions at slightly higher temperatures. The liquids so produced begin to 
distill out as tar vapors and hydrocarbon gases, and leave behind with 
the residuum pitch, which at SOO'C forms a mass already well coked to- 
gether if the residuum from the humus is not too large in quantity; the 
coke formed at this temperature is, however, soft, but if the heat be now 
raised to lOOO'^C, the pitch residue undergoes further decomposition, 
yielding gas and leaving carbon, which binds the mass into a hard coke.'' 
He discusses further the action of oxygen upon certain of 
the initial constituents, referring to the investigations of Bou- 
douard. 

"Boudouard has shown that when coal is weathered humus bodies are 
produced and the coking power lessened or destroyed. In seven samples 
of various coals the humus constituents were increased by the oxidation, 
which seems to show that the action of the absorbed oxygen is to attack 
the resin compounds, and as we know that carbon dioxide and moisture 
are the chief products of the earlier stages of heating of masses of coal, 
it seems probable that the result is a conversion of resinic into humus 
bodies with evolution of these gases, and it is this change which leads to 
the serious deterioration in the gas and tar made coal which has been 
too long in store, while the fact that a cannel coal like Boghead or a shale 
do not weather is partly due to their dense structure and also is an indi- 
cation that the resin bodies of which they are chiefly composed are of a 
different type, a fact borne out by their resistance to certain coal sol- 
vents which freely attack the ordinary resin matter." 

A continuation of studies along this line is being made. 
P/Iention has been made concerning the adaptability of the coke 
thus produced to use in suction gas producers for furnishing 
fuel to gas engines. Its freedom from tar, oils, and the heavier 
products of distillation, which clog and render impossible the 
use of raw bituminous coals of this type, would seem to offer 
a solution of these fundamental difliculties. Further studies 
along this line are also being made. 

VII. SrMMARY AND CONCLUSIONS 

1; Coals of the Illinois type can be coked at a temperature 
approximately 400° or 450'' C. 

2. The gaseous products consist chiefly of illuminants of 
high candle-power, and represent, together with the condensible 
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material under (3) following, the chief elements involved in for- 
mation of smoke in the ordinary combustion of raw coal. The 
nitrogen of the coal is liberated as NH,, at these temperatures, 
in amounts representing approximately 20% of the total nitrogen 

present. 

3. The copdensible distillate consists largely of oils with 
the minimum amount of tar and free carbon. The oils repre- 
sent positive values for fuel, for carburetting water gas, or for 
other specific uses on account of their chemical characteristics 
as unsaturated compounds. 

4. The coke residue has special characteristics which seem 
to make it of value as a concentrated fuel, capable of combus- 
tion without the formation of smoke, suitable for storing with- 
out the possibility of spontaneous combustion, and presumably 
adapted to the manufacture of gas for use in the suction gas 
producer. 

5. Certain facts seem to have been developed concerning 
the principles involved in the formation of coke which may 
open the way to the production of a kind of coke of such texture 
and strength as to make it acceptable for uses that are not now 
possible with coke made from similar coal, but formed under 
ordinary conditions, such as are found in the ordinary gas- 
house retort practice, or that of the by-product coke-oven. 

Other considerations^ are pertinent in this connection, such 
as losses and pollution of the atmosphere which accompany the 
production of smoke*. 

lAs lUustratlnsr the present-day appreciation of matter! connected with fuel economy and 
activity of thought oonceminff remedial measures, a quotation is here made from the presi- 
dential address of Sir William Ramsey before the British Association for the Advancement of 
Science at York. Eng., July, 1911. (Science. Vol. 34. p. 302. Sept., 1911.) 

"The domestic fire problem is also one which claims our instant attention. It is best grap- 
pled with from the point of view of smoke. Although the actual thermal loss of energy in the 
form of smoke is small, still the presence of smoke is a sign of waste of fuel and careless stoking. 
In works, mechanical stokers, which insure regularity in firing and complete combustion of 
fuel are more and more widely replacing hand-firing. But we are still utterly wasteful in our 
consumption of fuel in domestic fires. These considerations would point to the oonyersion at 
the pit-mouth of the energy, using as intermediary, turbines or preferably, gas-engines; and 
distributing the electrical energy to where it is wanted. The use of gas engines may, if desired, 
be accompanied by the production of half-distilled coal, a fuel which bums nearly without 
smoke, and one which is suitable for domestic fires. 

It is not necessary to multiply arguments for the prevention of smoke* However, a recent 
article in the Journal of the Society of Chemical Industry. December 15. 1911. by Prof . J. B. 
Cohen and A. G. Ruston, contains some very striking facts developed in their study of the 
smoke problem. A few extracts may be given as follows: 

'*The average per cent of soot passing up the chimney, in 12 analyses including eight of 
Yorkshire coals, two of Durham coals, and two of Wigan coals, amounted to 6.6 per cent on the 
carbon burnt. This quantity 6.5 per cent seems a very high figure, representing an annual loss 
of nearly two million tons on the estimated domestic consumption of 32 million tons. The 
averagedeposltof soot over the whole of Lieeds will therefore correspond to at least 220 tons 
per square mile per annum. The tar contained in the soot adheres so tenaciously to everything 
that it is not easily removed by the rain. The leaves of trees and evergreens in particular get 
coated with this black deposit. Unfortunately, it does more than blacken the vegetation: it 
eovers the whole leaf over with a kind of varnish, and fills up the pores or stomata. thus check- 
ing the natural process of transpiration and assimilation. It is in fact no uncommon thing to 
find in t^e case of leaves of conifers grown In Leeds that 80 per cent of the stomata are choked 
up with tar.'* 
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Further studies have in mind the carrying out of the pro- 
cesses as indicated with apparatus involving the continuous 
feature, subjecting the mass at the point of greatest fusibility to 
the pressure of the oncoming material and producing the coke 
in amount suflicient for testing its properties in the gas pro- 
ducer and for comhustion in other ways which would test its 
properties as a smokeless fuel. 
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tion processes such as are common to the small plant, houSe 
heaters, and possibly to locomotives. It is these latter cases es- 
pecially that demand a modified fuel which can be burned with- 
out the formation of smoke. 

It will thus be seen that in the low temperature distillation 
of coal, processes have been put into operation which have 
taken out the heavy smoke-producing ingredients, and have also 
removed the moisture, both free and combined, which are chiefly 
responsible for the depression of temperatures under ordinarj^ 
conditions. There is left, moreover, as volatile matter, practi- 
cally these volatile substances only; methane GH4 and hydrogen, 
which most easily of all the gaseous products from coal, main- 
tain a smokeless combustion. 

VI. The Formation of Coke 

The experiments as thus far conducted seem to throw some 
light upon the matter of coke formation. In this discussion of 
the theories involved, it may be helpful to formulate certain hy- 
pothetical conditions which have had more or less confirmation in 
these studies, as follows : 

First: For the formation of coke there must be present cer- 
tain bodies which have a rather definite melting point. 

Second: The temperature at which decomposition takes 
place must be above the melting point. 

Third: Where the compounds that satisfy the first and 
second conditions are unsaturated, it is possible by subjecting' 
them to oxidation to so lower the temperature of decomposition 
as to alter the second condition prescribed, in which case coking 
will not occur. 

Discussion of Conditions, — The first condition prescribed 
above may be well illustrated by the behavior of sucrose or cane 
sugar. This substance has a rather low melting point, say, iQ(f 
C. This melting point, however, is just below the temperature 
of decomposition. Where this point is reached, gaseous products 
in the form of steam, etc., are delivered, leaving behind, if the 
high temperature is continued, a mass of coke. On the other 
hand, if starch is heated in a similar manner, it does not melt 
but its first action is that of decomposition. When this is car- 
ried to completion, there remains not a strongly coherent mass 
but easily disintegrated particles of carbon. Pure cellulose be- 
haves in a still more striking manner, showing no fusion pro- 
perties whatever as maybe demonstrated by distilling in a closed 
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lube some collon fibber, op other form of cellulose such as filter 
paper bealen to a pulp and dried. Wood, however, if not disin- 
tegrated, as in the form of sawdust, has enough resinous 
material closely associated with the fibrous structure to bind 
the carbon filaments resulting from the decomposition of the 
cellulose by reason of the fact that these gums, or resins, have 
a melting point below that of their decomposition temperatures, 
and thus form a binding film of carbon throughout the mass, 
producing a sort of coking effect which we find in charcoal. 

In the case of Illinois coals, we find the first prerequisite 
formulated above, as present in a marked degree. As an illus- 
tration of the fact of a low melting point, reference is made to 
exhibit 5, which is a photograph of a mass of such ma- 
terial, which exuded from a sample of Vermilion Co. coal, sub- 
jected to the usual treatment as described on p. 7. The lump 
shown is a part of a mass that flowed out of tjie container, 
forming a bubble- like puddle. It would seem, therefore, that 
this type of coal from the north Danville field (Electric mine) 
has the first essential for coke formation in a marked degree. 

As illustrating the conditions which exist where oxidation 
had been allowed to take place, an example is given in exhibit 6. 
This was made from a weathered sample of coal from 
Niantic. It had little if any tendency to fuse; the individual 
particles of coal still retain their form and the mass may be eas- 
ily crumbled between the fingers. It should be noted that this 
result is not due to. any inherent quality possessed by the original 
coal; a Danville mine sample, for instance, weathered to a like 
degree, gives the same results. 

Test No. 9, — Another verification of this point, though in a 
more marked manner, was the result of test No. 9. The coal 
used was the fine material which had collected from the prepar- 
ation of the previous tests, all of which had given excellent sam- 
ples of coke in their freshly prepared condition. A quantity of 
coal passing through a 10-mesh sieve had accumulated through a 
period of about six weeks and had been stored in an ordinary 
coal hod in the grinding room. After being heated for eleven 
hours under conditions identical with those of the preceding 
runs, it showed no signs of fusion and was entirely without cok- 
ing properties. 

It is evident from these tests that the very great avidity of 
fresh coal for oxygen is evidence of the presence of those com- 
pounds which satisfy the first of the hypothetical conditions. 
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p. 17, and the subjection of the coal to oxidation destroys the 
fusion property of the fresh coal and produces a condition cor- 
responding to that described under the third proposition, in 
which the coking property is lost. 

Other st*udies on the nature of the coking process were car- 
ried out as follows: The apparent plasticity exhibited by the 
coal during certain stages of the treatment suggested the idea 
of compressing it into a briquette at the time when it would most 
easily yield to pressure and when it would presumably cohere 
wilhout requiring an artificial binder. Accordingly, a cupel 
press with a pressure of 500 lb. was provided and the retort was 
charged with Danville mine coal. At the time of maximum evo- 
lution of gas, the heat was suddenly shut off and the retort 
quickly opened. It was found at this point that the outer and 
hotter portion of the mass was hard and unyielding. A soft in- 
ner core was discovered, however, and portions of this were put 
into the press. The resulting briquette is shown in exhibit 8. The 
escaping gases have swollen it; considerably. Determinations of 
the amount of volatile matter possessed by the coal when in the 
plastic condition showed that this constituent had been reduced 
very little, — from 38 % to 30 % . In short, the state of fusion seems 
to exist in early stages of distillation but disappears before the 
process has proceeded far. 

In one of the earlier tests with Danville mine coal using the 
apparatus described in Fig. 3, the extreme fusibility of this type 
was again demonstrated. As the piston was slowly forced in, 
pencils of bituminous matter were squeezed out through the 
holes of the cylinder. Exhibit 5 includes some of these 
nodules. The fact that there was a selective separation of bi- 
tumen is proved by a comparison of the ash values, the residue 
as a whole having 13 %, the nodules, 8 % of ash. 

The readiness with which the cementing material ran to 
waste seemed to indicate that the coal contained a superfluous 
amount of it — moi*e than was necessary for binding itself togeth- 
er. The correctness of this view was shown by a series of runs 
in which crushed gas house coke and anthracite were heated 
with varying amounts of bituminous coal. 

Exhibit 7 shows the hard firm product resulting from 
the mixture of equal parts of Majestic bituminous coal and 
gas house coke, both crushed to 20 mesh. Fairly good results 
were obtained in the next run with 75 % of the coke and only 
25 % of Danville Electric coal. In like manner, powdered an- 
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Ihracite and biluminous coal in ratios varying from 1 : 1 to 3 ; 1 
were firmly cemented together. Pitchy material no longer 
exuded from the retort, being absorbed, seemingly, by the added 
substance. 

One of the essential factors in this scheme for briquetting 
loose infusible material with bituminous coal is the use of the 
press for keeping the two substances in close contact. On ac- 
count of the dilficulty of applying such a contrivance in indus- 
trial work, attempts were made to attain the desired end by us- 
ing temporary binders, i. e., substances which might hold the par- 
ticles together cllosely until Ihe permanent coal binder could 
relieve them. 

Mixtures of Danville mine coal and Danville mine coke resi- 
due No. 17 in the proportion 3 : 1 were thoroughly moistened 
with water and pressed (1) in the cupel machine and (2) in a 
testing machine up to 1000 lb. per sq. in. Neither of the bri- 
quettes survived the subsequent heating, being disintegrated, 
seemingly, by tihe escaping steam. The same effect, though to a 
much less degree, was noted when coal tar was employed. The 
resulting briquette retained its shape, but was rather soft and fri- 
able. Crude molasses, of all the binding materials tride, proved to 
be the best for this purpose. Different percentages of the molasses, 
ranging from 5 to 15, were tested out at different times. Below 
ten per cent the strength of the briquette was much diminished. 
Exhibit 9 is a 3:1 mixture of Danville mine coke residue 
and fresh Danville mine coal, both ground to 20 mesh, first 
bound with 11 % of molasses and then pressed in the cupel ma- 
chine. The cake was next heated in the retort under the atmos- 
pheric conditions of all the preceding runs. This briquette 2 in. 
high and 2 in. in diameter, has a crushing strength of 550 lb. 
per sq. in. Exhibit 10 shows anthracite briquettes made 
in the same way. They have a specific gravity of 1.02 and crush 
at 650 lb. per sq. in. 

These tests seem to show that the fusible substance of Illin- 
ois coals is the true binding material in the coking process; that 
it is present in such abundance as to produce a coke of too open 
and spongy a character as a result of the evolution of the large 
amount of gaseous products which result from its decomposi- 
tion. In this respect, it is paralleled by the behavior of sugar in 
the process of coking, which yields as a result of the large vol- 
ume of escaping gases a very porous mass of sugar, coke or car- 
bon. However, if the raw coal is mixed with a considerable 
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amount of material which has already gone through the coking 
process, op which has at least given off the larger part of its 
gases, and then has been reduced to a fine division like breeze, 
the cementing material of the fresh coal is able to disseminate 
throughout the mass, and the gases may also escape without 
blowing it into a spongy mass, with the result that a coke of 
good texture is formed. Exactly in a similar way, if molasses 
or other sucrose or glucose material be substituted for the fresh 
coal, we shall have again the formation of a dense coke capable 
of retaining its shape under conditions of firing much belter 
than where a plastic binder is used. In both cases a strongly 
cohering mass is produced which meets the requirements of 
handling, storage, and combustion with the greatest efficiency 
and the least formation of smoke. A small admixture of raw 
coal may thus be made to serve the purpose of a binder for ma- 
terial otherwise wasted as coke breeze at a cost which would 
enable it to compete with the pitch binders now in use. It also 
suggests a process of fractional coking, or coking in two stages. 
The first result at the lower temperature furnishes a product 
which, when ground to a moderate degree of fineness and mixed 
with a small portion of fresh raw coal, would furnish the essen- 
tial conditions for producing a coke of dense nature with a 
binder so distributed as to give the material a strength quite 
comparable with that produced by coals of the regular coking 
variety. Moreover, an advantage would bo evident in such ma- 
terial, especially for use in household appliances, in that it 
would be more lively in combustion and less difiicult of manipu- 
lation in the matter of maintaining a fire than coke made by the 
usual methods. 

One point further is to be noted in this connection. It was 
said at the beginning of the discussion that superheated steam was 
employed for the purpose of conveying heat into the material so 
that it would not be necessary to revolve the apparatus in order 
to secure an even distribution of heat. • It is seen from the above 
detail of the essential conditions to be observed in the coking of 
coals, at least of this class, that an atmosphere free from oxygen 
is of prime importance. Indeed following the indicated require- 
ment, the coal should be fresh, or as recently mined as possible, 
and in any event retained in larger sizes than in a broken down 
or a fine slate of division, in order that the least possible oppor- 
tunity be given for the absorption of oxygen. Furthermore, by 
first admitting steam or bringing the coal into an atmosphere of 
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superheated steam, the effect is to drive out such oxygen as has 
been occluded or absorbed by the coal and as yet not chemically 
combined. This is also brought about at temperatures and other 
conditions least conducive to a reaction between oxygen and the 
coal substance. Moreover, from former experiments,^ it has 
been shown that no reaction at these temperatures takes place 
between the steam itself and the coal. These principles have an 
important bearing on certain recent tendencies to concentrate 
gas production and coke manufacture in large units and distri- 
bute the gaseous products at high pressure. From the above, it 
would seem that the nearer such units were located to the mine 
or pit-mouth, the belter. If it is found, as seems probable, that 
the coke residue is a suitable material for further continuation 
of the gas-making process for the manufacture of producer gas, 
then the above advantages and essenlial conditions would be 
magnified. 

A discussion^ by Prof. Lewes, relating to English coals, bears 
such a striking resemblance to the facts developed in our own 
work on Illinois coals that the references have especial interest in 
this connection. Lewes develops his theories on the basis of the 
existence in coals of four types of degradation products which 
have all come from two original forms of vegetation ; viz : cellulose 
or lignose, and resinous bodies such as the spores of the lycopodia. 
The first form of vegetation, i. e., the cellulose, has produced the 
coal compounds of the humic and ulmic types, while the resinous 
bodies have produced the other three, viz: (1) : resinous bodies 
with but little alteration; (2) isometric or other slight modifica- 
tions in form rather than of composition; and (3) decomposition 
products from resins produced by the action of heat and pres- 
sure and consisting of a long series of both saturated and unsat- 
urated compounds, hydrocarbons of the hydro-aromatic series, 

and saturated hydrocarbons, like hexane, pentane, etc. 

"All these degradation products of the original vegetation are to be 
found in the bituminous coals, the residual body and humus forming 
the basis, which is luted together by the hydrocarbons and resins, and 
the characteristics of the various kinds of coal are dependent upon the 
proportions in which the four groups of the conglomerate are present. 
* * * * The resin bodies and hydrocarbons which form the cementing 
portion in the coal melt between 300* and 320"C. and if a coarsely pow- 
dered sample of the coal becomes pasty or semi-fluid at this temperature, 

iParr and Prancii. p. 45, Bulletin No. t4. Engineering £zperlment Station. 

sa recent contribution to the theories of coke formation is made in a lecture by Vivian B. 
Lewes. Professor of Chemistry. Royal Naval College. Oreenwioh. England, published in Pro- 
cresslTe Age. Dec. 15, 1011. page 1030. 
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it is a strong inference that the coal will coke on carbonization, a fact 
noted by Anderson, and which I have found very useful in practice as a 
rough test. About these temperatures also the resin bodies and hydro- 
carbons begin to decompose. 

The resin bodies at low temperature yield saturated hydrocarbons, 
unsaturated, chiefly hexahydrides or naphthenes, together with some 
oxygenated compounds, while the hydrocarbons yield paraffins and liquid 
products, all these primary constituents undergoing further decomposi- 
tions at slightly higher temperatures. The liquids so produced begin to 
distill out as tar vapors and hydrocarbon gases, and leave behind with 
the residuum pitch, which at 500*'C forms a mass already well coked to- 
gether if the residuum from the humus is not too large in quantity; the 
coke formed at this temperature is, however, soft, but if the heat be now 
raised to lOOO'^C, the pitch residue undergoes further decomposition, 
yielding gas and leaving carbon, which binds the mass into a hard coke." 

He discusses further the action of oxygen upon certain of 
the initial constituents, referring to the investigations of Bou- 
douard. 

"Boudouard has shown that when coal is weathered humus bodies are 
produced and the coking power lessened or destroyed. In seven samples 
of various coals the humus constituents were increased by the oxidation, 
which seems to show that the action of the absorbed oxygen is to attack 
the resin compounds, and as we know that carbon dioxide and moisture 
are the chief products of the earlier stages of heating of masses of coal, 
it seems probable that the result is a conversion of resinic into humus 
bodies with evolution of these gases, and it is this change which leads to 
the serious deterioration in the gas and tar made coal which has been 
too long in store, while the fact that a cannel coal like Boghead or a shale 
do not weather is partly due to their dense structure and also is an indi- 
cation that the resin bodies of which they are chiefly composed are of a 
different type, a fact borne out by their resistance to certain coal sol- 
vents which freely attack the ordinary resin matter.'* 

A continuation of studies along this line is being made. 
?yIention has been made concerning the adaptability of the coke 
thus produced to use in suction gas producers for furnishing 
fuel to gas engines. Its freedom from tar, oils, and the heavier 
products of distillation, w^hich clog and render impossible the 
use of raw bituminous coals of this type, would seem to offer 
a solution of these fundamental difficulties. Further studies 
along this line are also being made. 

VII. St MMARY AND CONCLUSIONS 

1; Goals of the Illinois type can be coked at a temperature 
approximately 4U0° or 450'' C. 

2. The gaseous products consist chiefly of illuminants of 
high candle-power, and represent, together with the condensible 
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material under (3) following, the chief elements involved in for- 
mation of smoke in the ordinary combustion of raw coal. The 
nitrogen of the coal is liberated as NHg, at these temperatures, 
in amounts representing approximately 20% of the total nitrogen 
present. 

3. The copdensible distillate consists largely of oils with 
the minimum amount of tar and free carbon. The oils repre- 
sent positive values for fuel, for carburetting water gas, or for 
other specific uses on account of their chemical characteristics 
as unsaturated compounds. 

4. The coke residue has special characteristics which seem 
to make it of value as a concentrated fuel, capable of combus- 
tion without the formation of smoke, suitable for storing with- 
out the possibility of spontaneous combustion, and presumably 
adapted to the manufacture of gas for use in the suction gas 
producer. 

5. Certain facts seem to have been developed concerning 
the principles involved in the formation of coke which may 
open the way to the production of a kind of coke of such texture 
and strength as to make it acceptable for uses that are not now 
possible with coke made from similar coal, but formed under 
ordinary conditions, such as are found in the ordinary gas- 
house retort practice, or that of the by-product coke-oven. 

Other considerations^ are pertinent in this connection, such 
as losses and pollution of the atmosphere which accompany the 
production of smoke*. 

lAs illustr&ting the present-day appreciation of matteri connected with fuel economy and 
activity of thouirht oonceminff remedial measures, a quotation is here made from the presi- 
dential address of Sir William Ramsey before the British Association for the Advancement of 
Science at York. Enff., July, 1911. (Science. Vol. S4. p. 908. Sept., 1911.) 

"The domestic fire problem is also one which claims our instant attention. It is best irrap- 
pled with from the point of view of smoke. Although the actual thermal loss of energy in the 
form of smoke is small, still the presence of smoke is a sign of waste of fuel and careless stoking. 
In works, mechanical stokers, which insure regularity in firing and complete combustion of 
fuel are more and more widely replacing hand-flrlng. But we are still utterly wasteful in our 
consumption of fuel in domestic fires. These considerations would point to the conversion at 
the pit-mouth of the energy, using as intermediary, turbines or preferably, gas-engines: and 
distributing the electrical energy to where it is wanted. The use of gas engines may, if desired. 
be accompanied by the production of half -distilled coal, a fuel which bums nearly without 
smoke, and one which is suitable for domestic fires. 

*lt is not necessary to multiply arguments for the prevention of smoke* However, a recent 
article in the Journal of the Society of Chemical Industry. December 15. 1911, by Prof . J. B. 
Cohen and A. G. Ruston. contains some very striking facts developed In their study of the 
smoke problem. A few extracts may be given as follows: 

'*The average per cent of soot passing up the chimney, in 12 analyses including eight of 
Yorkshire coals, two of Durham coals, and two of Wigan coals, amounted to 6.5 per cent on the 
carbon burnt. This quantity 6.5 per cent seems a very high figure, representing an annual loss 
of nearly two million tons on the estimated domestic consumption of 32 million tons. The 
average deposit of soot over the whole of Leeds will therefore correspond to at least 2t0 tons 
per square mile per annum. The tar contained in the soot adheres so tenaciously to everything 
that it is not easily removed by the rain. The leaves of trees and evergreens in particular get 
coated with this black deposit. Unfortunately, it does more than blacken the vegetation: it 
covers the whole leaf over with a kind of varnish, and fills up the pores or stomata. thus check- 
ing the natural process of transpiration and assimilation. It Is in fact no uncommon thing to 
find in tl^e case of leaves of conifers grown in Leeds that 80 per cent of the stomata are choked 
up with tar." 
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Further studies have in mind the carrying out of the pro- 
cesses as indicated with apparatus involving the continuous 
feature, subjecting the mass at the point of greatest fusibility to 
the pressure of the oncoming material and producing the coke 
in amount sufficient for testing its properties in the gas pro- 
ducer and for combustion in other ways which would test its 
properties as a smokeless fuel. 
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APPENDIX 

I. Introduction. 

Historical^ 
Studies in the Low Temperature Distillation op Coal. 

Researches in the low temperature distillation of bituminous 
coals have been carried on at the University of Illinois since 
1902*. In a series of preliminary experiments, on heating coal 
to temperatures ranging from 250° to 500° for periods of less 
than an hour, it was found that the percentage of fixed carbon 
was increased by more than 25% and that there was a corre- 
sponding decrease in volatile matter to a point where the forma- 
tion of smoke was prevented altogether. 

In order to eliminate as far as possible those variables which 
would result from oxidation, Parr and Francis in continuing 
this work heated Illinois coals in non-oxidizing atmospheres. 
Choosing nitrogen first as the most suitable medium for this pur- 
pose, a careful study was made of the quantity and composition 
of the gases and heavy residues produced at different tempera- 
tures below 400** C. With a view to securing an absolutely inert 
atmosphere, after finding that the ordinary commercial nitrogen 
was contaminated with oxygen, the air in the retortj was dis- 
placed by steam. 

The coals heated in these media underwent changes which 
rendered them smokeless in ordinary combustion. However, on 
account of the rotary motion given the retort in order to equalize 
the temperatures, the coke product came out in a loose granular 
state much like that of the original coal. 

In the course of some of the experiments, while using oxygen 
as the atmospheric medium, rises in the thermometer readings 
were observed at unexpectedly low temperatures, seemingly inde- 
pendent of the amount of external heat supplied. This suggest- 
ed the idea of a second series of tests entirely separate from the 
first, to determine the temperatures at which oxidation begins. 
The method of procedure was to allow the retort to cool slowly 



iln assemblioff the litersture relatinir to the carbonization of coal, it has been planned to 
brlDff togrether first, all of the references to low temperature distillation including the studies 
of the by-products, followed by references to the theories concerning coke formation and the 
carbonization of coal in general. 

9111. Oeol. Surr.. Bull. No. 4. by S. W. Parr. p. 97. 1006. 
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until a drop of say 50 had been recorded. Oxygen was then ad- 
mitted and the resulting temperature was noted. A rise was 
considered proof of oxidation. This was repealed until a point 
was reached where no rise in temperature occurred on the read- 
mission of oxygen. In this way it was found that pulverized bitu- 
minous coals in pure oxygen began to oxidize at about 125° and 
that they ignited at about 160°. With diluted oxygen the tem- 
peratures were somewhat higher. 

While making some of their tests with atmospheres of steam 
it was observed that near the temperature of 315° the mercury 
made an abrupt rise incommensurate with the amount of exter- 
nal heat added. After allowing the coal to cool to 300° and then 
again heating up to 315° the same phenomenon was observed. 
No appearance of carbon dioxide accompanied this sudden rise. 
A tentative explanation is that it was due to the exothermic 
character of decompositions occurring at that stage. 

In considering the subject of oxidation temperatures,* it was 
found that freshly-mined coal inunediately begins to exude hy- 
drocarbons and to absorb oxygen and that it retains its avidity 
for oxygen for an indefinite length of time. The exact result of 
this absorption was not fully determined, but it seems probable 
that under favorable temperature conditions it would lend to 
hasten combustion. 

Constam and Schlapfer^ publishing "Studies in the Gasify- 
ing of the Principal Types of Coal" report that the percentage 
of oxides of carbon included in the gases given off in distilling 
coal varies with the oxygen content of the coal itself. 

R. T. Chamberlain^, studying the causes of mine dust explo- 
sions, found thai fresh coal absorbs a large quantity of oxygen 
but that even under a vacuum it gives oJT very little. He deter- 
mined further that coal bottled in air for several weeks yields 
some carbon dioxide but an amount equivalent to only a small 
part of the oxygen absorbed. This he thought, might be due to 
the presence of unsaturated compounds in the coal, which form 
addition products with oxygen. 

Mahler and Charion* found that when dry air was passed 
over pulverized coal at temperatures below 100°, measurable 
quantities of water, carbon dioxide and carbon monoxide were 

^Bulletin No. 32, By Parr and Barker. BiiffiiieerinR Experiment Station, Uniyersity of 
Illinois. (1910). 

Sjour. Oasbel. 40. 741. 774. (1906). 
^Bulletin No. 883. U. S. Oeol. Sur. ( 1900). 
4Compt. rend. 150. 1531. 1604. (1910). 
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given off. Between 125° and 200° the liberation of water was 
SO greatly accelerated as to indicate the' splitting oil of water of 
constitution. Above 150° the water contained considerable 
quantities of acetic acid, from 20% to 40% of the total conden- 
sate, and showed, in addition, traces of acetones, aldehydes, and 
methyl alcohol. The upper limit of temperature in their studies 
was 200°. 

Porter and Ovitz^ made an extended study of the volatile 
matter of coal with a view to determining the influence of the 
gas composition factor on the efllciency in the use of coal in 
various industrial processes with special reference to gas pro- 
ducer, coke oven and gas retort operation. 

Their investigations show that the composition of the vola- 
tile matter of a coal depends largely upon the character of the 
coal itself. The gases from the younger coals of the West com- 
pared with those from the coals of the Appalachian region have 
high percentages of carbon dioxide and carbon monoxide. Be- 
cause of the readiness with which these gases are given off even 
at comparatively low temperatures (300°-500°) , the writers con- 
clude that these western coals contain compounds having a di- 
rect carbon linkage such as the complex alcohols, aldehydes 
and acids. They show, further, that contrary to the theory of 
Dulong, who assumed that in combustion all the oxygen of a 
coal combined with hydrogen, in the case of certain lovy grade 
highly oxygenated coals nearly two-thirds of the oxygen ap- 
pears in the volatile products in union with carbon, and that 
this fact accounts for the discrepancy between the determined 
heat value and that calculated by Dulong's method. 

Higher hydrocarbons such as ethane are produced in great- 
est abundance from the eastern coals and they, consequently, 
yield more smoke in combustion. In general, however, the gas 
evolved from any coal subjected to moderate heat only, is rich 
in the higher paraffins such as ethane and propane. In the case 
of Connellsville coal, at furnetce temperatures of 500° and 600° 
these higher hydrocarbons constitute about 50% of the total 
paraffin content. At aibout 800° the percentage reaches a maxi- 
mum, when it rapidly falls on account of decomposition by heat. 

They conclude that the nature of the volatile products dis- 
tilled from coal in the early stages of heating varies in accord- 
ance with the smoke producing tendencies of that coal. They 



iThe Volatile Matter of Coal. Bull. 1. Bureau of Mines. 1910. 
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include among the smoke-producing constiluenls, tar, benzene, 
ethylene, and the higher homologues of methane. 

E. BoernsteinV subjecting eight Westphalian coals to a max- 
imum temperature of 450"*, reports that the gaseous products of 
distillation did not exhibit differences corresponding with those 
shown by the coals themselves. Compared with ordinary coal 
gas, they were characterized by a higher content of heavy hydro- 
carbons (5% to 14%) and of methane and its homologues (55% 
to 76%), and a lower content of hydrogen ^5% to 16%). The 
tars had a specific gravity between .95 and .98, began to distill at 
about 70° to 80°, and were found to contain no aniline, thio- 
phene, naphthalene, or anthracene. He states that the solid 
paraffin content ranged from .3% to 2% (m. pt. 55° to 60°). 

Inasmuch as in modern gas retort operation portions of the 
coal do not reach their maximum temperature for one or two 
hours, the subject of low temperature distillation is of real 
importance to the gas industry. In a paper read before the 
Michigan Gas Association, White, Park and Dunkley *, report the 
results of their studies of the primary reactions involved in heal- 
ing American coals to 500°. 

Gas evolution commences only above 300° and that given off 
in the 300° to 350° interval contains from 25% to 40% of ethane. 
Above the latter point the yield of ethane diminishes and very 
little is produced between 450° to 500°. The illuminants de- 
crease with increasing temperature starting with 8% at 300° and 
going down to zero at 500°. Methane starting with small 
amounts reaches its maximum in the 400° to 450° interval. 
They call attention to the similarity of the gases produced at low 
temperature to natural gas and suggest that the latter was also 
produced at low temperature. They give the following results 
of analyses : 

TABLE 13 

Average Yield and Composition of Gas from Coal He.\ted for Six to 

EioHT Hours at Temperatures of 300^-500° 



Coal 
Volume Incu. ft. per lb. of 


Pittsburgh, 
Penna. 


Bay City. 
Mich. 


Zelffler 

ni. 


Coal 


1.42 

t.9 

2.8 

0.2 

26.3 

47.0 

13 2 

2.7 

002 


1.15 
16.2 

4.1 

5.0 
16.4 
37.8 
11.8 

9.1 
778 


0.6S 


C02 


12.1 


Ilium 


1.6 


CO. 


6.8 


H2 


13.9 


CH4 

C2H 

N2 

Calculated B . t. u 


38.0 
19.5 
7.8 
971 















1 Jour. Soo. Chem. Ind. 25-213. (1906). 
2Am. GasLlght-T- "" — (1906). 
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The apparent similarity between the gases evolved from 
coal at low temperatures and natural gas, gives interest to the 
work of Cady and McFarland^ on the composition of the natural 
gases of Kansas. They proved the presence of parallins heavier 
than methane and ethane, by condensing higher boiling hydro- 
carbons along with the methane in a bulb surrounded with liquid 
air. Some of these remained liquid up to ordinary temperatures 
and had an odor similar to that of light boiling petroleum distil- 
lates. The quantity of this residue varied in the different gases. 

Professor V. B. Lewes^ in discussing the relative merits of 
high and low temperatures for gas distillation, gives parallel 
tables showing the net cost of 1000 cu. ft. of gas produced by 
each of the two processes. 

TABLE 14 
Cost op 1000 cu. ft. of Gas 



(1) High (900'') 


(8) Low (iOO**) 


Coal 




pence 

13.30 

6.74 


pence 
S6.50 


Operating expenses 


5. SO 




S0.04 


32.00 



Less Vali:e of Residuals Produced 



Coke 

Tar 

NH4 products. 



.82 cwt. 
.9 sral. 



6.11 
1.30 
2.11 

0.52 



2.4 cwt. 
4.6 gal. 



17.64 
6.90 
2.80 

27.34 



Net Cost of Gas 

10.52 4.66 

B. t. u. ofgas 592 '. 750. 

He points out thai although the coke residues are figured at 
the same price, coke (2) is really more valuable since it contains 
15% of volatile matter which increases its calorific value. He 
stales also that the low temperature tar distillates contain valu- 
able fractions of a character different from those obtained from 
ordinary gas tar, one of which is especially suitable for use in 
motors as a fuel. 

Burgess and Wheeler'' working on the problem* of the pre- 
vention of mine dust explosions, and recognizing the relationship 



Uour. of Am. Chem. Soc. 29. 1523. (1007). 
2Enflrineerin8r. 85-410. (1906). 
3Jour. Chem. Soc. 97-1917. ( 1910). 
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that exists between the character of the volatile matter escaping 
from a heated coal, and its degree of inflammability, studied the 
composition of the gases evolved at diflerent temperatures. 

They found that with all coals whether bituminous, semi- 
bituminous, OP anthracite, there was a well-defined decomposi- 
tion point at a temperature between TW and 800° which corre- 
sponds to a marked increase in the quantity of hydrogen evolved. 
This increase they attribute to the thermal decomposition of one 
or more of the higher homologues of methane yielding hydrogen 
and carbon. Ethane, propane, butane, and, probably, higher 
members of the paraflin series, form a- large percentage of the 
gases given off at temperatures below 450"" ; above 700"* they no 
longer appear. 

They believe that the smoke producing elements consist al- 
most entirely of the higher paraffins and differ from Porter and 
Ovitz in excluding ethylene and the related unsaturated gases 
from this class. This view is based upon experiments made 
showing that ethylene decomposing at 000 **, deposited very little 
carbon. 

A typical analysis of the gases obtained is given below. 



TABLE 15 
Gas from Goal prom Abertillrry, South Wales (Bituminous) 



Coal (C) 


Temp. 


Ilium- 


COl 


OO 


Ht 


CH4 


CSHS 




500» 


5.8 


3.9 


4.7 


8.0 


64.6 


11.0 




800" 


4.9 


3.S 


6.4 


es.o 


47.8 


18.4 




700* 


S.8 


3.4 


7.4 


34.7 


46.8 


4.8 




800° 


2.8 


S.5 


9.8 


50.8 


88.6 


4.7 




noo* 


4.1 


1.4 


13.0 


80.7 


18.8 


1.8 

( 



In a second paper^ Ihey discuss the results obtained by sub- 
jecting coals lo a series of fractional distillations in a vacuum 
and determining the compositions of the gases evolved within 
well defined limits of temperature. They succeeded by pro- 
longed exhaustion at a low temperature, in removing entirely 
the parafTui-yielding constituents and leaving behind a compound 
which decomposed at a comparatively high temperature, yield- 
ing only hydrogen. They conclude, therefore, that coal is com- 
posed largely of two types of compounds, the one unstable, giv- 
ing no hydrogen, the other more stable yielding hydrogen only. 



iJour. Soc. Chem. Ind. 5. 8. (1886). 
ZJour. Cbem. Soc. April. 1911, p. 649. 
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G. E. Davis\ discussing the laps formed under different con- 
ditions, says that at low temperatures are produced mainly such 
hydrocarbons as belong to the paraffin series having the general 
formula Gn H^n + 2, along with the defines Gn Hjn. The lower 
members of these series are liquid, and, furnished in the pure 
state, are illuminating and lubricating oils; the higher ones are 
solid and form commercial paraffin. They are always accom- 
panied by phenols. Liquid products prevail and among the 
watery substances acetic acid predominates. 

If, on the other hand, the coal has been decomposed at a very 
high temperature, the molecules are grouped quite differently. 
While defines and acetylenes occur more or less the paraffins 
disappear almost entirely with the resultant deposition of carbon. 

Some of this carbon set free is deposited in the retort in a 
compact graphitoidal form; some occurs in a state of extremely 
fine division in the tar and forms a constituent of the pitch or 
€oke remaining behind. At the same time the action of heat 
effects molecular condensations by which process compounds of 
a higher molecular weight are formed, such as naphthalene, 
anthracene and phenanthrene. 

Behrens* found that the tar obtained in the distillation of 
coal in the ordinary fire-clay gas-retorts (operated at high tem- 
peratures) was much richer in benzene, toluene, naphthalene, etc., 
than the tar made inPauwers coke ovens (operated at low tem- 
peratures) from the same kind of coal. 

Lunge' thinks that at low temperatures most of the nitrogen 
of the tar is in the form of aniline and fatty amines (ethylamine, 
propylamine, amylamine ) ; at high temperatures in the form of 
pyridine bases, picdine, lutidine, viridine, etc. He admits that 
the statement needs verification by more detailed investigations. 
In general, at high temperatures the tendency to complete disso- 
ciation becomes far more pronounced ; the products approach 
more arid more to free carbon on the one hand and free hydrogen 
on the other. 

Watson Smith* states that naphthalene increases with rise 
of temperature. This is true also of anthracene, which is then 
found in the creosote oil coming over before the anthracene oit 
proper. Garbolic acid is also an important constituent. 



iJour. Soc. Cbem. Ind. 5. 2. (I886>. 
sDinffler*s Polyt. Journal S06, 362. 
^Coal Tar and Ammonia, p. 26, (19001. 
^our. Soo. Chem. Ind. 8, 950.(1800). 
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II. Studies in General on the Carbonization of Goal 

F. G. Keighley^ argues that since the chemical constituents 
of coals from any horizon are not necessarily indicative of their 
coking properties, it is reasonable to assume that an important 
factor determining the coking quality must be one of a physical 
character and not altogether chemical. 

It is known, he says, that the finest coking coals not only are 
of the bituminous class, but their structure is such that upon 
fracture they exhibit a fingery or prismatic form and separate 
vertically, while the more diflicult coking coals and the ones of 
a bituminous character that cannot be coked at all, are of a lam- 
inated structure and upon fracture break into cubical form and 
have a tendency to separate horizontally instead of vertically. 
This he thinks would indicate that the coking property depends 
very largely upon the arrangement of the small particles of coal 
composing the seam. If these lie in the seam with their longer 
axes horizontal to the bedding of the seam they are unfavorable 
to the coking process. On the other hand, if they are perpendic- 
ular to the strike of the seam, i.e., at right angles with its bed- 
ding, the coking tendency is much more pronounced. He sug- 
gests that the superiority of Gonnellsville coke may be due to the 
structure given it in the process of formation by the peculiar 
geological movements of the region in which it is found. 

M. A. Pishel* suggests a simple practical test for coking coaL 
Pulverize the coal to 100 mesh in an agate mortar. Pour out the 
dust and observe its condition. If it adheres strongly to the 
mortar, it will probably make ficood coke, he says. If there is 
little adhesion, coking properties are absent. In his experimen- 
tal work he tested more than 150 different specimens. Of the 
four Illinois coals tried, none stuck to the mortar while most of 
the Eastern coals adhered. He offers no theory to account for 
this phenomenon. 

Groves and Thorp' classify coals with respect to their coking 
properties as sand coals, those devoid of coking powers; sinter 
coals, those possessing it to a relatively slight degree; coking 
coals, those which produce a good quality of coke, and anthra- 
cile. 



^ron Age. 80-304. Aug:. 1007. Mines and Minerals Oct. 1907. 
2Econ. Qeol. June-July 1008. p. M&-270. 
»Ctaem. Tecb. Vol. 1, p. ItS (ed. 1880) 
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They give the following analytical table made up from the 
work of Richardson, Regnault and others : 

TABLE 16 







( PerceDtace) 




C 


H 


o 


Saod ooal 


77 
83 
87 
95 


6 
5 
5 
3 


18 


Sinter coal 


IS 


CoklDff coal 


8 


ADtliracito ■ - - 


2 








TABLE 17 



Anthracite 

Blanzy sinter 

Lancashire cannel sinter .. 

Mons coking^ 

Grand Croix-hlffhly coking, 



80C-f-88H +0 
80C+128H -fflO 
80C4-1»H +30 
80C + MCH 4- 50 
80C + 1WH +30 



It will be observed from Table 16 that the amount of hydro- 
gen in the first three varieties is identical, while the oxygen di- 
minishes as the coking property is developed. The Grand Croix 
coal (Table 17) has only half the amount of hydrogen contained 
in the coking coal from Mons. Anthracite, consisting almost 
entirely of carbon, may be considered a kind of natural coke. 

They state in conclusion, however, that Stein of Dresden has 
shown that coking and non-coking coals may have the same ul- 
timate composition and that simple analyses, therefore, cannot 
determine absolutely the coking property of the coal. They sug- 
gest that the real source of coking lies in a resinoid body or 
bodies identical in composition with the coke itself. 

Whit-e and others^ mention the work of Ste. Clare Deville, 
consulting chemist of the Paris Gas Company, who, on the basis 
of results of nearly 2000 tests, divided coals inlo groups according 
to the relations of their percentages of oxygen to hydrogen. He 
found that all coking coals contain a percentage of oxygen ap- 
proximately twice that of hydrogen. 

They reasoned that possibly the artificial application of heat 
which gives as its first products water and other compounds 
rich in oxygen, would lower the relatively high oxygen of the 
non-coking coals and possibly bring them into the coking class. 
They found, however, that coals which were originally non-cok- 
ing were not improved in this respect even though the oxygen- 



lAm. GasLirhtJour. 89HSS1. (1006) 
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hydrogen ratio was brought down to 2 to 1. The coking coals 
tested sintered together during the heating and if the resultant 
mass was heated to redness it retained its shape and gave a good 
coke. If, however, it was powdered before being heated, it re- 
mained a powder. 

Dr. Haberman^ in studying the spontaneous heating of coals, 
noted the fact that long storage tends to destroy both gasifying 
and coking properties. He found that those coals that oxidized 
the most and gave the greatest rise in temperature absorbed the 
largest quantities of bromine. 

Professor Fischer' of Gottingen, working on the same prob- 
lem, mentions the loss of coking sutTered by oxidized coals. He 
too suggests the bromine absorption test for determining the 
chemical activity of the fuel. 

Parr and Lindgren' doing work on the weathering of coal at 
the University of Illinois observed that in volatile matter deter- 
minations, samples exposed for several months gave powdery 

residues instead of coke as in the case when fresh coals were 
used. 

David White*, in his bulletin 'The Effect of Oxygen in Goal," 
after discussing the negative calorific value of the oxygen- and 
the transition between various grades of coal due to progressive 
devolatilization brought about more or less directly by dynamic 
forces, takes up a study of the relative proportion of oxygen, 
hydrogen, and carbon, in coking coals with special reference to 
a theory framed to explain the coking quality. 

He mentions the work of Regnault* and Bertrand,* who 
found that the high percentage of volatile matter and the high 
illuminating value of certain bogheads and oil shales are due to the 
presence of immense numbers of supposed gelatinous algae 
which, in these coals, seem to have exercised a selective attrac- 
tion for certain bituminous compounds. Likewise, the condi- 
tions of accumulation and deposition attending the origin of 
many coals were doubtless favorable for the mingling of algae 
and different animal remains with the debris of higher plant 
types. 

Mr. White thinks it is more than probable that the sub- 
stances of these lower organisms contributed as ingredients to 

iSchilllnffs Jour, fur Gasbel. 49-419. (1006) 

STtie Gas World. April 18. 1001. 

sunpublished reports of supplementarv studies to Bulletin No. 17, UaiTersity of Illinois. 

Bnsrineerlnfir Experiment Station. (101 1) 
*Bu\\. U. S. O. S. 38S (1009) 

ARetrnault. B. Les micro ori^anlsmes des combustibles fossiles. St. Etienne. 1003. 
OBull. Soc.d'hist. Nat. Antun. Vol. 0. 1807, p. 193. 
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the mass of coal-foniiing material, and that they, therefore, ex- 
erted some influence on the character and quality of the final res- 
idues. He considers the higher percentage of bituminous matter 
in the older and more altered condition of the fuel, due to con- 
centration as the result of devolatilization of the coal by dyn- 
amochemical processes, the larger part of the concentration be- 
ing the result of loss of oxygen, this loss being disproportionately 
;great as compared with that of hydrogen. Thus, the progressive 
■deoxygenation of the organic matter accomplishes bituminiza- 
tion. 

Now, he continues, the qualities of fusibility and swelling 
concurrent with bituminization which appear to characterize 
fuels known to contain quantities of gelatinous micro-algee, are 
also necessary to the coking quality in coals, and he thinks it 
permissible., therefore, to inquire whether the coking property 
may not be due to some unascertained proportion of gelatinous 
algal matter entering into the original mass from which the coal 
was formed and imparting to it this fusibility and tendency to 
swell. 

While the presence of micro-algal ingredients has been 
noted in peats and even in some brown coals, yet it is very evi- 
dent that their detection by microscopical means in the highly 
metamorphosed coking coals, is so difllcult as to be practically 
impossible. The evidence of chemical analysis must therefore, 
be called into service. The coals, he says, whose large volatile 
combustible matter contains relatively the highest hydrogen and 
the lowest oxygen, thus approaching nearest the bitumen analy- 
ses, are those in which the organic remains described as micro- 
algae are most predominant and best preserved. If then, in the 
high volatile coals high bituminization and gelatinous algal in- 
gredients go together and the presence of the latter causes the coal 
to fuse and swell, we may conclude that high volatile coals that 
show sufficiently high bituminization will coke by the ordinary 
process. The degree of bituminization is indicated by the rela- 
tive excess of hydrogen as compared with the diminished oxy- 
gen in dry coal and is expressed by the ratio H :0. 

Data covering the tests of over 300 coals from dllTerent lo- 
calities furnished by the U. S. Geological Survey are given. It 
was found that those coals having a H:0 ratio of 59 or more, 
coke by the ordinary commercial process. Nearly all below 59 
and above 55 so far as tested, make a coke. Those below 55 us- 
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ually give a poor and dark product. The best cokes obtained by 
the ordinary process were made from coals having a ratio of 
60 or over. It was noted however that with coals with a fixed 
carbon value of over 79 per cent the rule breaks down. 

He remarks that his hypothesis appears to harmonize with 
the tendency of coking coals to cohere when reduced to fine 
powder, discussed by M. A. Pishel. 

0. Boudouard^ took up the study of ccials with the specific 
purpose of determining the causes of coking and selected for 
experiments samples of (1) English anthracite, (2) Courrieres 
(1/4 bituminous^ i3j Belgian forge coal, (4) Forge coal of un- 
known origin which has lain in the laboratory several years, 
\5) Bruay (% bituminous). (6) Goal of unknown origin, [1) 
Lignite. 

The following (able gives the results of the approximate 
analyses: 



TABLE 18 
Composition of Co.xls bepokk Treatment 





1 


2 


S 4 


6 


6 7 


Fixed carbon 

Ash 


88.6 
S.5 
8.8 

powdery 




89.5 
1.6 
8.8 

powdery 




70.5 

4.6 

SI.8 

hard 
3 


79.1 

2,6 

18.1 

hard 

3 


39.S 

3.1 

37.6 

hard 

3 


51.4 

t.3 

46.2 

Slitfhilv 
caked 



37.8 
4.S 


Volatile matter 

Character of coke 

Hardness^ 


58.4 

powdery 













These coals were successively subjected for periods of 105 br- 
each to the action of air at 15° and 100°. After the first treat- 
ment little change in the coal and in the appearance and char- 
acter of the coke was noted except that No. G and 7 showed 
traces of humic acid. In contrast with this, after being heated 
at 100**, none had retained their coking powers and all but (i) 
and (2) contained humic acid. A marked increase in weight due 
to oxygen absorption was observed, amounting in some cases to 
nearly 5 percent. 

He further treated 2o grams of each of the coals studied with 
150 grams of concentrated nitric acid for a period of 2V^ monlhs. 
Analyses of the residues gave the following results: 



iBuH de Ca. Sec. Chim. 5 (series 4) 365-39) U909). 

2The relative hardness of the coke is indicated by the figures 8. 2. 1 . 0.— 3 denoting a hard 
compact coke. 0. a powdery residue. 
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TABLE 19 
Composition of Coals after Treatment with Nitric Acid 



1 



Per cent 
otaanffe in 
weight . .. 

Fixed carbon. 

Ash 

VoL matter.. 

Appearance of 

COK6 . . • . 

Humic Acid . . 



+ 15.6 
68.1 
1.8 
SO.l 



powdered 




+ 86 

54.7 
.41 
44.8 



powdered 




+ 6.4 

66.5 

1.5 

41.9 



powdered 
15 per cent 



20.4 

51.5 

6.1 

42. S 



powdered 
8 per cent 



+ 17.2 

49.6 

1.6 

48.7 

traces of 



- 14.0 
43.2 
.72 
56.0 

traces of 



agglome- asfflome 

rate ' rate 
60 per cent| 40 per cent 



- 86.8 
99.4 
.61 
59 9 



powdered 
27 per cent 



Organic solvents such as ligroin, pyridine, benzene, carbon 
disulphide, carbon tetrachloride and the like, modified in no 
appreciable way the quality of the coke produced. Concentrated 
sulphuric acid destroyed Ihe coking power; concentrated hydro- 
chloric acid had no effect. 

In none of these coals did humic acid exist before treatment 
and since its presence was always constant in the same oxidized 
coals which had in the process lost their coking powers, work- 
ing on the theory that the carbohydrates were responsible for 
the origin of the acid, he found that starch or sugar treated with 
bromine water, for instance, yielded humic acid much like that 
obtained from coal. 

It is probable, he thinks, that the hydrocarbonaceous sub- 
stances giving rise to this acid do not exist in a single form but in 
a state of great condensation, and polymerization is a result of the 
decomposition of the living matter, the principal characteristics 
of this series of processes being the disintegration of the plant 
tissues and t:he accumulation of carbon at the expense of hydro- 
gen and oxygen. 

In his comparative studies of natural and oxidized coals, he 
noted that the production of a very small quantity of humic 
acid (less than 1 per cent) marked the disappearance of the 
coking qualities of the original sample. 

In this connection the theories advanced by Professor 
Lewes, already referred to, on page 25, are of interest, harmon- 
izing as they do with Boudouard's work and presenting some of 
the most modern lines of thought on this subject. 

Dennstedt and Bunz' hold with Boudouard that humic acids 



iZeitsch. f. anff. Chem. 21. 1825. (1908). 
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are the ultimate oxidation products of coals and the most in- 
flammable coals are those that produce the largest quantities of 
the acid. 

The exact nature and composition of the so-called humic 
acids, however, seem to be unknown. Boudouard* quotes the re- 
sults of several experimenters who produced the substance by 
treating sugar with acids. The empirical formulas (no struc- 
tural formulas are attempted,) range from G^HigOj (Stein) to 
G40H24O12 (Mulder). He himself proposes CisHmOs as the compo- 
sition of humic products he obtained by extracting oxidized 
coal with potassium hydroxide. 

W. C. Anderson in studying the varying coking tendencies 
of a number of Scotch coals, concluded that cementation is 
caused by the decomposition of two classes of substances:. (1) 
resinous materials soluble in caustic potash, which break down 
on rapid ignition; and (2) non-saponifiable substances, some of 
which were volatile at 300°, others being stable at this tempera- 
lure. 

III. Summary of Opinions 

A very brief review of the literature covering the decompo- 
sition that takes place at low temperatures in the distillation of 
coal, is sulHcient to prove to the student that the problem in all 
its phases is distinctly modern. A glance at the bibliography 
will show that few, if any, references date back more than ten 
years and that most of the publications on the subject have ap- 
peared within the last two or three. Indeed, Burgess and Wheel- 
er' writing in 1910, remark that ''previous work has been very 
scanty". Furthermore, almost without exception, those inves- 
tigators who have already made reports announce that their 
first articles are more or less incomplete and that they expect to 
continue along the same lines of study. 

While the development of the subject is evidently still in its 
infancy, yet results from ditTerent sources are in many cases en- 
tirely consistent. Of particular interest in that it bears a close 
relationship to the problem of smoke prevention, is the fact, men- 
tioned by nearly all authorities, that the heavy smoke-producing 
bnn/ines and paraffins of high carbon content are given off" at 



iBull. de la Soc. Chim. 5 (series 4) S78. (1909) . 
Jour. Soc.Chem. Ind. . 17-1013. Not.. 1896. 
«Jour. Chem. Soc. 97— 1917 (1910) 
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low lemperalures and are practically eliminated at 500°. At- 
tempts to separate and estimate the higher homologues of me- 
thane contained in early distillates, however, have not been en- 
tirely successful on account of a lack of adequate methods of gas 
analysis. Gady and McFarland^, using liquid air, got perhaps 
the best results but even their scheme leaves much to be desired. 
Writers reporting the parafTm content of the gases studied there- 
fore have been obliged to estimate the heavier members as 
'^ethane", or, using the formula Cn H^n + a, to give average val- 
ues of n. 

It is generally agreed further, that as temperatures rise above 
500°, methane and hydrogen are the principal gas constituents, 
being decomposition products of not only the coal itself but of 
some of the gases given off at the lower temperatures. Below 
400°, hydrogen is present in very small amounts. It seems fair- 
ly well established, therefore, that the density and, consequently, 
the calorific value of a gas varies inversely with the temperature 
at which it is evolved and that a very moderate heating of the 
coal is sufficient to remove enough of the smoke producing ele- 
ments to make the combustion of the residue clean and econom- 
ical. 

With a very small amount of work done in determining the 
character of the low temperature tar distillates, a fruitful field is 
left for future investigation. Paraffin oils, valuable for lubri- 
cating and power generating, seem to predominate, while the 
equally important aromatic derivatives, as anthracene, are pre- 
sent to a less extent than in the high temperature runs. 

The investigations of Parr and Francis prove that coal, mod- 
ified by the application of moderate heat gains valuable prop- 
erties and that it retains a high calorific value. In the use of cer- 
tain types of coal, however, such as those of the central west, the 
problem of putting the residues into marketable condition de- 
mands a solution before the process can be made an economic 
success. 

Much has been written in attempts to explain the causes of 
coking, or at least to define the conditions that govern it. From 
the work of Parr, Chamberlain, Boudouard, and others, who 
have studied the reactions taking place at low temperatures, 
it has been proved that oxygen absorption goes on rapidly when 
fresh coal is exposed to the atmosphere. It has been shown 
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further that this absorption weakens or destroys altogether any 
coking properties that the original coal may have. In other 
words a high oxygen-hydrogen ratio marks the absence of fusi- 
bility and cementation. 

The structures of the organic compounds of the coal which 
furnish the cementing material for coke and which are appar- 
ently attacked by oxygen, have nol been determined and seem to 
vary somewhat in different types of coals. However Ihey yield, 
on oxidation, humic acids of varying composition which decom- 
pose into powdery residues. Because of the complex nature of 
these substances and the difficulty experienced in isolating and 
identifying them, the matter of coking is still an open problem 
and the explanations advanced are largely hypothetical. 
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CHARACTEBISTICS AND LIMITATIONS OF THE SERIES 

TEANSPORMER 

I. Introduction 

1. Uses of the Series Transformer. — High potential distribution 
and the large currents carried by feeders have made the use of series 
transformers, or so-called '^current transformers/' imperative. Where 
high voltages are used it would be a source of considerable danger to 
bring the potential of the distribution system to the switchboard and 
controlling apparatus. The use of the series transformer, in connec- 
tion with the potential transformer, makes it possible to meter the power 
and control such system without handling voltages which are dangerous 
to life. Furthermore, if live potentials were brought to the switch- 
board, the proper insulation of instruments and controlling apparatus 
would be accomplished only with considerable difficulty and expense. 
Again in the present day system of distribution, even where the voltage 
may be so low as to overrule the above objection, the feeders leading 
from the station may carry such large currents a^ to make the use of 
series transformers a decided convenience. Obviously it is much 
cheaper and easier to run small wires to instruments requiring but a 
low value of current than to bring large feeders to a' board on which 
are mounted cumbersome instruments of sufficient capacity to carry the 
full live current. The demands of convenience and safety, then, have 
placed the series transformer in its present position of importance. 

In general, the function of the series transformer is to furnish a 
current in a circuit not metallically connected with the main circuit, 
which current shall bear a definite constant ratio to the main current, 
and shall be 180* out of phase with it. The uses to which this second- 
ary current is put may be divided into two classes: (1) to give indica- 
tions in metering instruments, and (2) to furnish power for the opera- 
tion of regulators, time-limit relays, and like controlling apparatus. But 
with the series transformer the ideal is never completely realized, and 
consequently the above function is but imperfectly performed. 

2. Scope of Bndletin. — It is the purpose of this bulletin to study 
the imperfections of the series transformer, to determine how and to 
what extent certain constants influence its operation, and to deduce cer- 
tain general characteristics. The first part of the bulletin will be de- 
voted to a discussion of the fundamental principles of the series trans- 
former and tlie representation by vector diagrams of its operation. A 
deduction of current relations by the method of complex quantities, and 
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a discusfiion of conclusions that may be derived therefrom will follow. 
The derivation of current relations by the use of instantaneous current 
values will then be given. In this last named part particular stress will 
be laid upon the application of the current transformer for the purpose 
of recording transient phenomena. A comparison of the results obtained 
for stable condition by the two methods and a general summary will be 
given in conclusion. 

E. ' 




T 
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Fig. 1. Symboi^ Usbd for Constants of Circuit 

II. Characteristics of the Series Transfoeher 

3. Oeneral Features of the Series Transformer. — ^In construction 
the series transformer does not greatly differ from the ordinary power 
potential transformer, inasmuch as both consist essentially of two elec- 
trical circuits interlinked by a magnetic circuit. In the potential trans- 
former for furnishing power there is, of course, a variation of primary 
current with secondary current; in fact, the primary current is a 
function of the secondary current In the current transformer, how- 
ever, the effect of the secondary current upon the primary current is 
so very small as to be negligible. The primary current is determined 
by the constants of the main circuit, and is taken to be independent of 
variations in secondary load and current. Herein then, lies the basic 
element of distinction between the power potential transformer and the 
current transformer. This dependence of the primary current upon the 
constants of the main circuit only, and its independence of variations 
in secondary current, is the starting point for the theory of the current 
transformer which follows. Naturally, this difference in operation be- 
tween the two types of transformers makes a difference in their design, 
and just how and why some of the design constants differ will be pointed 
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out later after a development of the theory has made their bearing on 
the operation of the transformer clearer. 

There are certain facts about the series transformer which are gen^ 
erally known among men who have anything at all to do with it. It is 
known that the series transformer consists of two coils metallically sep* 
arate^ wound on a laminated iron core; that the coil connected in the 
line generally has fewer turns than the secondary coil across which the 
instruments are connected^ and that the ratio of the turns is about in 
inverse proportion to the ratio of the currents. It is known that it is 
dangerous to leave the secondary open-circuited because if a current 
flows in the primary^ high voltages will be induced in the open-circuited 
secondary and there will be high heating of the iron core which may 
cause disaster. It is also known that slight variations in secondary load 
(or resistance and reactance) do not change the transformation ratio 
to a very great extent, and that the ratio is nearly constant for all values 
of primary current within a given range. It is also known that when 
used in connection with wattmeters annoyance is often caused by a cer- 
tain angle of phase displacement from the ideal position. These very 
nearly constant factors, however, such as current ratio and phase angle, 
are very often subject to great variations, and in the following discussion 
it is proposed to investigate the relations between these factors and the 
constants of the transformer and load; to determine how and to what 
extent they are influenced by these constants. 

4. Vector Diagrams for the Series Transformer. — ^At the outset it 
is thought advantageous to study the vector diagram representation of 
the current transformer in order to gain familiarity with its operation. 
Pig. 1 is given to indicate the constants represented by the different 
symbols. Pig. 2 is a simple vector diagram of a series transformer hav- 
ing no core loss. This would be the case with a transformer having 
an air core. The voltage e across the load is taken as the reference vec- 
tor, and the primary current T lags behind it an angle 6 dependent upon 

the power-factor of the load. ( tan 6 =^ — ) ^^ phase with 7* is 

0' the total primary flux, or the flux which could be set up in the exists 
ing magnetic circuit by the primary ampere-tums if no counteracting 
force were present. A part of this flux, <^l'» however, is set up in a 
path not interlinked by the secondary coil, that is, it does not thread 
the secondary coil, and hence has no effect on the secondary circuit.* 

*The leakag^e flux of the primary, it is readily seen, acts only as a react- 
ance in the primary circuit and does not affect the ratio of the currents in 
the transformer. Since, however, the primary leakagre reactance is an in- 
herent constant of the transformer, it is thought well to introduce it here 
for the completeness of the discussion. 
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This flux is, of course, in phase with the primary current Since it is 
established in a path external to the secondary coil, it is very properly 
called leakage flux, and if subtracted from the total primary flux, gives 
as a resultant what might be called the useful primary flux, in phase 
with the primary current, and represented in the diagram by the vector 
^'-^L^ ^ow in order that a current may flow in a secondary circuit 
having impedabce, there must be induced in the secondary an e.m.f., 
and to accomplish this there must exist in the core a real flux leading 
the induced e.m.f. by 90**. This flux, indicated in the diagram by ^m is 
the only flux really existing in the core and is the resultant of the useful 
primary flux and the useful secondary flux if^" — ^l"> as indicated in 
the diagram. <l>" is the total secondary flux, and c^l' is the secondary 
leakage flux, corresponding to ^' and ^l^ for the primary. /" is, of 
course, in phase with fj^". The induced secondary voltage is indicated 
in the diagram by E", The angle « between E" and r is dependent upon 

X9 -l~ X 

the resistance and reactance of the secondary circuit ( tan oc ^- ) , 

r« -f r 

TIME 




Fig. 2. Vbctor Diagram for Flux in Transformbr with 

ZBRO CORB I4OSS 

where x^ is the secondary leakage reactance.) P is known as the angle 
of phase displacement of the secondary current, and is the angle by 
which the secondary current leads its ideal position of ISO*" out of phase 
with the primary current. The function which gives p in terms of 
other constants of the transformer will be derived later. The variations 
in the positions and magnitudes of the vectors with the constants of the 
transformer are not readily seen from this diagram, but there are cer- 
tain things which might be expected from an examination of the dia- 
gram. For instance, it might be expected that a decrease in secondary 
reactance or an increase in secondary resistance, either of which has 
the effect of decreasing ex;, would as a consequence increase p. It will 
be seen later that such a variation actually takes place. 
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It is oftentimes convenient to draw the vector diagram. using currents 
in place of fluxes, as is done in Fig. 3. If the ratio of turns is other 
than 1 to 1, it will be necessary to consider the magnitude of the. current 
vectors given in ampere turns, or what amounts to the same thing, if 
the primary current vector is drawn to scale the secondary current 
should be multiplied by the ratio of the number of secondary turns to 
primary turns to give the magnitude of the secondary current vector. 
The resulting current vectors will then be in terms of primary current 
directly, and it will not be necessary to divide by the number of turns 
as would be the case if the vectors were scaled off as ampere-turns. 



TIME 




Fig. 3. Vector Diagram for Currbnts in Transformer 

WITH Zero Core Loss 

Fig. 3 is a vector diagram of a current transformer with an iron core, 
having consequently some core loss. It is very similar to the diagram 
in Fig. 2 with the exception that the flux vectors are plotted as currents, 
and the core loss component /« is taken into consideration. Gore loss 
represents power dissipated in a secondary circuit, and requires in phase 
components of current and electromotive force. Since the dissipation 
of energy takes place in a secondary circuit and we have already drawn 
a vector for secondary e.m.f. the current vector 7^ in phase with BT will 
give the required representation of energy dissipation. This current I 
is consumed in the core, and hence is not available in the useful second- 
ary circuit. Subtracting /« from t" gives the true secondary current 2^ 
as represented in the diagram. The angles oc and p correspond to the 
angles ^ and p of Fig. 2. In both Fig. 1 and Fig. 2, E^ is the electro- 
motive force across the primary and Y the angle that it makes with the 
primary current. From Fig. 3 the effect of core loss is readily seen. It 
decreases the secondary current /", and with an inductive secondary cir- 
cuit it decreases also the phase angle p. Since it is impossible to con- 
struct a transformer which has not at least the secondary reactance due 
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to leakage flux, it must follow that in a oommercial transformer core loss 
has both of the above effects. If these were its only effects it mi^t be 
thought, ignoring ^ciency, that core loss is desirable. But it will be 
seen later that hysteresis loss is accompanied by a variation in core 
reluctance that is extremely undesirable so far as regulation is concerned. 
5. Formtilaa for Current Ratio and Phase Angle — Use of Complex 
Qvaniities. — ^With these vector diagrams in mind we may proceed with 
a mathematical discussion of the current transformer by the use of 
complex quantities. In the following derivation it will be considered 
for simplicity, that permeability of the iron is constant. The error thus 
introduced is not so great as might at first be expected, due to the fact 
that the iron in a current transformer is generally worked at a very 
low density on the straighter portion of the saturation curve. However, 
the assumption of constant permeability still makes it possible to dis- 
cuss from the resulting equations the effects of variation in permeabUiiy. 
If the permeability is taken constant the hysteresis loop vanishes, and 
the only remaining core loss is the eddy current loss. With sufficiently 
careful lamination and at the low value of flux density used, this loss 
may be very small. Indeed in a commercial current transformer the 
core losses are very small. Neglecting then for the present all core 
losses, the following derivation will correspond to the vector diagram 
of Pig. 2 and will be rigid for a transformer with an air core. Let a 
sine wave of e.m.f. e instantaneous value -- ey/T~siii wt, be impressed 
upon the circuit as indicated in Pig. 1. Then since the effect of the 
secondary current upon the primary current is neglected 

where R—jJT is the load impedanco. 
where i = and ti = 



R" + X^ /P + ^' 

The flux set up by the primary current or the total primary flux is 
proportional to the primary current and in phase with it or 

^' ^KiNiF X'W ») 

■ • 

where Ki == '—^ y^ ^q-s. (^i = combined reluctance of iron circuit 
ri 

*In all these following equations involving complex quantity, time is con- 
sidered the independent variable and is represented by counter clock-wise 
rotation. The inductive impedance is I^ —jX and thus there is a lagging 
current / = f +y»i. 
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and leakage path ) , and Ni is the number of primary turns. Of *' a 
certain part known as leakage flux does not thread the secondary, but 
produces a reactive e. m. f . in the primary, which is given by the fol- 
lowing expression : 

Br = J : (3) 

It should perhaps be pointed out that the value given above for electro- 
motive force, current, and flux, as well as those to follow, are all ef- 
fective values. 

Equation (3) gives an expression for reactive primary e.m.f. in 
terms of leakage flux. But the primary leakage reactance x^ also gives 
the value of this e.m.f., as follows : 

e; = j rxi (4) 

Combining (3) and (4) we obtain 

r XX r XX 

or */ r= -^ 108 ^ . 108 (5) 

An expression for the magnetizing flux ^n may be obtained by 
starting with the induced secondary e.m.f. This e.m.f. must be suf- 
flcient to overcome all of the impedance of the secondary circuit in- 
cluding the leakage x^. Hence, we may write 

E" = r Z" ^ (6) 

But the induced secondary e.m.f. is dependent upon the magnetizing 
flux in the following relation : 

E"^3^.lllll± (7) 
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Combining (6) and (7) an expression for magnetizing flux in terms 
of secondary current and impedance is obtained as follows : 

Whence, 

*M--y ^-^1^ w 

The total secondary flux is proportional to the secondary carrent 
and in phase with it, or 

4»" -=. iTa A'a 7" X 10« (9) 

• • 

where K^ = — X 10"^; (/'a == combined reluctance of iron circuit 

and leakage path). 

In a manner similar to that for obtaining equation (5) for the pri- 
mary leakage flux, the following expression for the secondary leakage 
flux is obtained, 

* J' = 11^ 108 (10) 

If we subtract from the total primary flux the primary leakage flux 
we obtain what may be called the useful primary flux. Similarly the 
difference between the total secondary flux and the secondary leakage 
flux gives the useful secondary flux. The sum of these two useful 
fluxes then gives the magnetizing flux, or expressed in the form of an 
equation, 

*' — *l' +*"—*!," ^*m (11) 

« « ■ • 

which may be wrftten 

*' — *l' + 4»" - 4>l" — *M = (12) 

• • • • 

Substituting in (12) the expressions for the various fluxes given by 
equations (2), (5), (9), (10), and (8), and dividing through by 10% we 
obtain 

Ki Ni r - ' + Ki iVi 7" - ' + j ■ ^ = . .(13) 
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or {KiKi '^) r + { K, N, - ^+ j -^ ) F =0...(13') 



Whence, /" = ( K. m- . - x,) .N. j, 

0.M {Kilif i^—Xi +j Z") ■ 

But Z" = {n+ r)—j {xi-{-x) 

And / Z" = ( XK + a; ) + ;■ ( r« + r ) (15) 

Substituting (15) in (14), 

iVi [ ir2 iVi^ o> + ic + y ( ra + r ) ] • 
which might better be written 

/"= \K9Nfii)+x—j(r2 + r)ir (17) 

iV^i(jr23¥a)+a;)« + (r2 + r)2'- 

The ratio of secondary current to primary current then becomes 
/" Ni ( Ki Ni^ w — xi) 



r m V {K2N2'' w + x)^ + { n + r )2 



(18) 



Equation (18) may be reduced as follows: K^ and K^ represent 
the primary and secondary magnetic conductances respectively. If 

F = X lO"® represents the conductance of the iron path, and 

k^ and Atj represent the magnetic conductances of primary and secondary 
leakage paths respectively, then for K^ and K2 in equation (18) may 
be substituted : 

K^^F + K 

r N2 ( Fm o> + ibi iVi« CO — a:i ) 



r Ni V {F Na'^ io + k2NP<^ + x)^ + ( ra + r ) 



3 
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i?2 N^^tD = x^ 

— --. , . . . .(19) 

/' N }/(FNi^ CO -h 2:2 + a; )» + {r« + r )« 

which shows the dependence of current ratio upon the primary leakage 
reactance. To show more clearly the relation between the currents and 
the number of turns equation (19) may be reduced to the form: 



from which it is seen that with no secondary resistance or reactance the 
ratio of currents is inversely as the ratio of the number of turns. Pur- 
thermore, the lower the reluctance of the iron circuity and consequently 
the greater the value of F, the higher the frequency, and the greater the 
number of secondary turns, the more nearly does the transformation 
ratio equal the ratio of the number of turns. 

Equation (20) is useful in showing certain relations, but equation 
(18) may be reduced in another way which yields results of interest. 
From equation (2) 

and N^ *' = K^ N^^ I' X 10« 

But 2^1 *' = Lj r X 108 

Whence K^N^^= L^ 

and K^ N^^u^ = i^ « = Z^ (21) 

Where X^ is the total inductive reactance of the primary coil. 

Similarly, K^N^^^ = X^ (22) 

If the primary leakage reactance x^ be subtracted from the total 
primary reactance X^, and the difference multiplied by the ratio of the 
secondary turns to the primary turns the result will be the mutual in- 
ductive reactance Xm or 
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^(Xi-xi)=X^ (23) 

Now substituting (21), (22) and (23), in (18), the following expres- 
sion is obtained, 

/" X„ 

— --- - = (24) 

/' i/( JTj + a; )*^ + ( r2 + r )2 

From (24) it is seen that with zero resistance of the secondary coil and 
load, the ratio of transformation is as the ratio of the mutual inductive 
reactance to the total reactance of the secondary circuit. 

From equation (20) it is seen that the effect of increasing the sec- 
ondary resistance or reactance is to decrease the secondary current ; that 
the effect of increasing the frequency or increasing F, which means 
decreasing the magnetic reluctance, is to increase the secondary current. 
Equation (20) further shows that a large number of secondary turns 
makes variations in frequency, permeability, and secondary resistance 
and reactance less effective in influencing the transformation ratio, and 
hence points to the desirability of a large number of secondary turns. 

Bef erring again to equation (17) it is seen that the phase angle 
between the secondary current and the projected primary current is 

B = arc tan — arc tan . . . (25) 

K2 M ui 4 a; FN^ a, + 0:2 + a: 

or p = arc tan !!?-±J: (25') 

Stating equation (25') in words the tangent of the phase angles is 
directly proportional to the total secondary resistance, and inversely 
proportional to the total secondary reactance. 

If it is desired to study the current ratio from the design constants 
of a transformer, equation (18) will be found the more convenient; if 
it is desired to study this ratio from data taken experimentally, equation 
(24) may perhaps be used more conveniently. The equations for phase 
angles are so simple that there would be no trouble in using either one 
or the other. 
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As an example a transformer having the following constants may 
be considered : 

Tj = .0058 ohms. 

x^ = .058 ohms at 60 - 

K = .000016 

F = .00001425 

jy^i = 14 

N^ = 133 

fj = 1 ohm 

x^ = K N^^ ft) = 1.11 ohms at 60- 



g 0.02 



0.01 



^2 = 



KN^^w= 100 ohms at 60- 



= 9.5 



Xu - 






( ^1 — a;i ) =^ 10 ohms at 60- 




I. VARIATION OF TRANSFORMATION 
— RATIO WITH RESISTANCE r (x-l OHM) 

II. VARIATION OF TRANSFORMATION 

RATIO WITH REACTANCE x (i-l OHM) 

' ' I I i \ I I L_ 



20 40 60 60 100 

SECONDARY LOAD RESISTANCE 

AND REACTANCE 
OHMS AT 60 CYCLES 

Fig. 4. £^FFBCT OK Sbcondary Load Resistancb 

AND RBACTAKCB on TRANSFORMATION RaTIO 
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Taking the secondary load reactance equal to 1 ohm, we may study 
the effect of secondary load resistanoe upon the transformation ratio. 
Fig. 4 Curve I. shows the relation between the transformation ratio and 
secondary load resistance. It is seen that for reasonable values of re- 
sistance (say up to 5 ohms) the ratio is but little affected. Beyond 10 
ohms, however, an increase in the resistance results in quite an appre- 
ciable decrease in the value of secondary current, and the rate of de- 
crease becomes greater with increased resistance. If the secondary load 
resistance be taken as 1 ohm, the effect of secondary load reactance upon 
the transformation ratio may be studied. Fig. 4 Curve II. shows the 
variation of the transformation ratio with secondary load reactance. It 
is seen that the ratio is very appreciably decreased by increasing the re- 
actance and that the ratio of decrease is greatest for low values of 
reactance. Comparing then secondary resistance and reactance as re- 
gards their effect upon the transformation ratio, it may be said that for 
reasonable values the effect of increasing the former is to decrease but 
negligibly the ratio, whereas an increase in the latter results in a very 
considerable decrease of the ratio. 

Taking the secondary load reactance equal to 1 ohm at 60 cycles, and 
choosing three values of secondary load resistance, viz., 1 ohm, 10 ohms, 
and 50 ohms, three curves were plotted, one for each value of resistance, 
showing the effect of varying the frequency upon the transformation 
ratio. These curves are given in Fig. 5. An inspection of these curves 
shows that for high values of frequency the effect of variation in frequency 
upon the transformation ratio becomes negligible, and also that the 
lower the secondary resistance, the lower the frequency at which the 
ratio becomes practically constant. With 1 ohm secondary load resist- 
ance it is seen that the ratio is practically constant above 25 cycles. 
With reasoniably low secondary resistance then it may be concluded that 
the effect of frequency variation, within commercial limits, upon the 
transformation ratio is quite small. It should not be forgotten, however, 
that below a certain critical frequency for a given value of secondary 
resistance decreasing the frequency will result in a very rapid decrease 
of the transformation ratio. 

The effect of secondary load resistance on the phase angle P will be 
considered next. Taking the secondary load reactance x equal to 1, 
the curve shown in Fig. 6, was plotted showing the variation of phase 
angle with the secondary load resistance. It is seen that the increase in 
phase angle is practically proportional to the increase In resistance for 
reasonable values of r. By taking the secondary load resistance equal 
to unity, the variation of phase angle with secondary load reactance may 
be studied. Fig. 7 shows the relation between these two quantities. It is 
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noted that increasing the secondary reactance decreases the phase angle, 
the ratio of decrease being almost constant for reasonable values of x. 
The effect of £ in decreasing the phase angle, however, is not nearly as 
great as the effect of r in increasing it. As shown by the cnrves, a given 
change in x changes the phase angle by less than 2^ of that caused by 
an equivalent change in r. 

By taJdng secondary load resistance equal to 1 ohm, and secondary 
load reactance equal to 1 ohm at 60 cycles, Fig. 8 was drawn showing 
the effect of frequency on the magnitude of the phase angle. This curve 
shows that the phase {mgle is very sensitive to changes in frequency 
within the range of commercial frequencies, the phase angle at 25 cycles 
being more than twice as great as at 60 cycles and over five times as 
great as at 133 cycles. 

6. Formulas for Current Baiio a^yi PIuibb Angle of Series Trans- 
formers with Iron Cores: — throughout the above discussion zero core 
loss and constant magnetic reluctance have been assumed. In other 
words the above discussion applies rigidly to a transformer with an air 
core. The commercial series transformer, however, has an iron core. 
As was pointed out previously, due to the low flux density in the core 
and earful lamination, the core loss in such a transformer Is very small ; 
so small in fact, as to be of no consequence in affecting the validity of 
the foregoing discussion. In using an iron oore, however, there is an 
effect more objectionable than the hysteretic core loss, viz., the accom- 
pan3dng variation in core reluctance. 

An examination of equation (19) shows that with given constants 
and frequency, the ratio of secondary current to primary current is con- 
stant, independent of the value of primary current. This is true of an 
air core transformer where the permeability of the core, and consequently 
the factor F, are constant But in a transformer with an iron core the 
permeability and consequently the factor F varies with the flux density. 
Since the flux density varies with the primary current, it must follow 
that the factor F is a function of the primary current, and consequently 
it is not to be expected that the ratio of secondary current to primary 
current will be constant for all values of primary current in a trans- 
former with an iron core. In order to determine the nature of the 
variation in F and the consequent variation in the current ratio, it will 
be necessary to consider that portion of the saturation curve around 
which the transformer operates. In Pig. 9 Curve I. is given an assumed 
saturation curve. The scales of the co.-ordinates are not given because 
they are not important for our purpose. The essential thing that con- 
cerns us is the shape of the saturation curve. 
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It will be remembered that the factor F is given by the expression : 



F=^ :^ X 10 



8 



where p is the reluctance of the iron circuit. Then we may write 

F = •^^«'' X 10-» (26) 

where a is the average cross section and { the' length of the iron dreait. 
Again for a given transformer, this may be written 

F = Constant X m (27) 

From the saturation curve a curve may be derived whose ordinates are 
proportional to the permeability ^ by dividing the ordinates of the sat- 
uration curve by corresponding abscissas, and plotting the quotients as 
ordinates of the new curve. From (27) the ordinates of this new curve 
will also be proportional to F, and by properly choosing the scale it will 
be possible to so plot it that the value of F corresponding to any point 
on the saturation curve may be directly read from it. It will be seen 
how this may be done. 

The point of operation on the saturation curve depends upon the 
voltage that must be induced in the secondary to send the secondary 
current through the secondary impedance. This voltage is of course di- 
rectly proportional to the secondary current, and to the impedance of 
the secondary circuit. For a given frequency the flux is proportional to 
the voltage. If the normal secondary load then is known and the full 
load secondary current, the flux for this condition may be computed 
from the relation. 

which is obtained from equation (8) by dropping the complex quantity 
symbols. This establishes a point on the saturation curve, as denoted 
by A in Fig. 4. From the saturation curve the value of permeability /* 
at this point may be found, and knowing the dimension of the iron cir- 
cuit ¥ may be calculated from equation (26). This value of F is then 
laid oflf to scale as an ordinate through point A, and the other ordinates 
are plotted proportionally, as explained above from equation (27). This 
gives Curve II of Fig. 9. As an example, let the normal secondary load 
for the transformer under consideration be r = 1 ohm and a; = 1 ohm, 
and let the value given for F apply to the point of normal full load 
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operation indicated by A in Fig. 9. Curve II of Fig. 9 gives the values 
F at other points on the saturation curve. Let the problem of plotting 
a curve showing the variation of current ratio with primary current be 
considered. 

It is known that with constant secondary load the variations in 
secondary current and induced voltage are proportional, and that there- 
fore, the flux is proportional to the secondary current. For any per- 
centage of full load secondary current then the corresponding point 
on the saturation curve may be found from A, Fig. 9 by direct propor- 
tion. Going up along the ordinate from the point thus found to Curve 
H the corresponding value of F is obtained. This value of F is substi- 

tuted in equation (19), and the ratio — ; calculated. From this ratio 

and the value of secondary current the corresponding primary current 
in per cent of full load primary current may be determined, and thus a 
point on the required curve established. This is done for a sufiScient 
number of values of secondary current to enable a smooth curve to be 
drawn through the points obtained. Table 1 gives a convenient tabula- 
tion for these computations, and Fig. 10 gives the result. It is seen 
that above 60% of full load primary current the ratio is very nearly 
constant, and that below 40% it falls off very rapidly. The variation 
in current ratio with primary current may be more clearly shown by 
plotting as ordinates the difference between the ratio for a given value 
of primary current and the ratio for full load primary current expressed 
in percent of full load primary current In Fig. 11 such a curve, cor- 
responding to Fig. 10, is shown by a full line. For tiie purpose of gen- 
ersd comparison with the theoretical curve, there is also shown in Fig. 
11, by a dotted line, a curve obtained experimentally. No unusual pre- 
cision was used in obtaining the data for this curve, the currents being 
measured simply by two ammeters. The very dose similarity of the two 
curves is apparent. It is to be expected that the magnitude of the 
ordinates, and even the shape of such curves from different transform- 
ers will differ even more than these do, inasmuch as they depend not 
only upon the point of operation on the saturation curve, but also upon 
the shape of the saturation curve, especially upon the prominence of the 
first bend, indicated by B in Fig. 9. Since there is very considerable 
variation in saturation curves for different qualities of iron, close agree- 
ment between curves derived from them cannot be expected. The curves 
in Fig. 10 and Fig. 11, however, point very truly to the general way in 
which transformation ratio and primary current vary. 
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With values of F already detennined for various values of primary 
current, it is an easy matter to substitute these in equation (25), and 
find the corresponding phase angles. Fig. 12 shows the* variation of 
the phase angle p with the primary current. It is noted that above 60% 
full load primary current the variation in phase angle in small, but be- 
low 40% it increases quite rapidly. 

Curves similar to those shown in Fig. 10, Fig. 11, and Fig. 12 may 
be determined for any other secondary load by making use of the fact 
that the ordinate of point A Fig. 9 is directly proportional to the sec- 
ondary impedance. Knowing the new values of secondary resistance and 
reactance, and having established the new point A, the method of de- 
termining the new curves is exactly the same as that given above. 

7. Discussion of Curves Plotted from Formulas. — ^The curves which 
have been plotted, showing the variations of transformation ratio and 
phase angle with various constants of the transformer are largely self- 
explanatory. Perhaps the most general observation that can be made 
from them is that the factor which least affects the transformation ratio 
is likely to greatly affect the phase angle, and vice versa. Thus from 
Curve I. Fig. 4 it is seen that for reasonable values the effect of sec- 
ondary resistance upon the transformation ratio is practically negligible, 
whereas Fig. 6 shows that its effect upon the phase angle is very great. 
Again the effect of secondary reactance upon the ratio is very consid- 
erable as shown by Curve II. Fig. 4 whereas its effect upon the phase 
angle is quite small, as shown by Fig. 7. The curves in Fig. 5 show 
that the dOFect of changes in frequency becomes less as the secondary re- 
sistance is decreased. This then together with the fact that the phase 
angle increases almost in direct proportion to the secondary resistance 
points to the desirability of a low value of secondary resistance. 
On the other hand, the secondary reactance, neglecting its effect upon 
the point of operation on the saturation curve, is not a matter of such 
great consequence, for increasing it decreases but little the phase angle, 
and the effect of changes in its value upon the transformation ratio is 
practically constant for all reasonable values of reactance. The effect 
of changing either secondary resistance or reactance is to change the 
point of operation on the saturation curve and, as a consequence, to 
change the shapes of the curves in Fig. 10, Fig. 11, and Fig. 12. The 
desirability of using iron having as nearly constant permeability at low 
densities as possible is made evident by Fig. 10, Fig. 11, and Fig. 12. 
These figures also indicate that the reliable working range lies above 60 
or 60 per cent full load current. 
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The solution of equation (33) is 



r = -A^ e 
X,^ 



"^ If^"^ co8(^ — J?) + a^in {01 - 8 ) t-^\dt^-{-(r i 



— ■ — A 



ism {0 — s + B) a ^ ^ J 

\—=-^-^=- + 8in(^i-«) e-^+C'e-'^f 



+ — ^8in(^i-«)e-^' + C6-»^[ (34: 
(h — a\ ^ 



__^ -^ i sin ( <» ^ jT + /3 ) 

X^ \ 1^*«+ 1 (ft— ff) 

Where )9 = arc tan i 

When ^--^1, that is when 9' = 0, 
i' = and t" =- 
Therefore, solving equation (34) for C 

C - -\ ^ + sin ( ^1 — 5 ) . . . .(35) 

L V b^ -t i {b — a) J 

-= — JSHZl 8in ( ^1 - ^ + /> ) (36) 

(b-a) \ ( 1 + ^« ) 

Where P = arc tan ^ '~ ^ (36' 

Knowing the instantaneous values of x and x* and the ratio of the 

secondary to primary turna — , the instantaneous value of magnetizing 

N\ 

current i is given by the following equation, 

%=.{' -f ^r (37) 

Substituting equation (34) and (30) in (37) 

I* - .4 ] sin ( ^ — 8 ) — sin ( ^1 — s) e**^' — 
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Xjt N% fain ( # — « + jg ) 

Xt Nx 



fain # — « + j8 ) a ., _,! ) 



(38) 



Bepresenting — — — by the constant K and replacing and combining 
the trigonometric functions into one, the equation becomes 



i = A 



j^(l_^*.Zl*!)sin(^-.-t.)- 
( 1 + YZTa ) sin ( ^1 - J? ) e-*^' — * Ct^ \ 



(39) 



Teh 
Where w = arc tan , which is the ancrle of lajr of the 

stable magnetizing current behind the primary current. 

Example 1. As an example of the application of this method the 
transformer for which data have already been given may be considered, 
with the additional data 

A = \ 

Si = 175** 
The following data, previously given, will be needed, 



a — 


ri 

Xl 


0.1 


b^ 


XI 


0.01 


Xu 


-10 




Xi 


-100 






— 9.6 





s = 85** (calculated) 
Substituting these constants in equation (30) 
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r =. sin ( ^ — 85** ) — 6-*^' (AO 

p from equation (36') is 

p = arc tan — — — = arc tan (— .09) = — 6** 

1 + ab 

The value of C from equation (36) becomes 

(7=.lll 

p = arc tan J = 35 minutes 
Hence, from equation (34) 

-0 .1 [ sin ( ^ - 84.4« ) - 1.11 e-'^' + .HI e"*^*^ ] - • (B') 



i" = 



u = arc tan — = 10<»45' 

b^+ I — k 

That is, the stable condition of the magnetizing current lags 10* 45' 
behind the primary current. 

i from equation (39) becomes 

i = [ .05 sin {S — 95.75^ ) + .055 e-'^ — .1055 v^^ ]. . . (C) 

In Fig. 13 equations (A'), (B'), and (C) are plotted with B as 
abscissas and t', i", and i as ordinates. The ordinates derived from equa- 

tion (B') are multiplied by the transformation ratio — = 10 and 

turned 180** so as to be superimposed upon the primary current for bet- 
ter comparison. The curves thus plotted show clearly the error in sec- 
ondary current due to the air core transformer with a 5% magnetizing 
current. 

9. Vnsymmeirical Currents in Series Transformer with Air Core, — 
As a second problem a series transformer traversed by an unsymmetrical 
primary current might be considered. If the current lies entirely above 
the zero line, the equation would be 

i' - .4 [ sin <^ + 1 — Ce^^' ] (40) 

Where C = Bin 6^ + 1 

Differentiating (40) and substituting in equation (29) 

-±- + M":^-A —^ (co8^+ Cat^' ) (41) 

And the solution of equation (41) is 
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- CURRENT IN PRIMARY COIL (i,) 
" CURRENT IN SECONDARY COIL (12) 



r AAAAAAAAAAA/ 

MAGNETIZING CURRENT (i^) 
Fig. 13. Current Diagram for Exampi,b 1 



,^.. _ _ ^ J^ pin ( ^ + jg ) aC 



f 



— e-^' + C" e»»^'l (42) 



-^2 L 1/ i^ -t . J ' ( * 

Where p = arc tan 6, and since when B = 8f^ 8' = and i" = 



C' = 



pin (O1 + P) aC 1 



If the time constant of the primary circuit is exceedingly small, 



a 



then €^ will practically be zero in a yery short time; (a) will be large 
in comparison to (b) and equation (42) becomes, after an infinitesimal 
time. 

1/6* + 1 Lvi* + 1 J ) 



i"=—A 



Xi i yi,i _|- 



And eqnatioQ (40) becomet 

t' = ^ [ sin # + 1 ] 



(44) 
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Substituting equations (44) and (43) in (37) 

i = A [sin 0+1- ^^^ ^ sin (<* + /S ) -f C i^\ (45) 
Where 

C =k\ - sin #1 - 1 (46) 

Equation (45) may be further reduced to the form 

t - ^ [V 1 - Vy ~ f ? Bin («-«') + 1 + Ce**'] (4?) 

kh 
Where «' = arc tan 

Example 2. Assume that the same transformer is used as in Ex- 
ample 1, but that the constant (a) is very large and the primary wave 
of the form, 

t = sin tf + 1 (A") 

Then from equation (43) 

i" -= — .1 [ sin ( ^ + 36' ) + e-^*^' ] (B") 

And from (47) 

i = .06 sin ( B — 10.750 ) — .95 e-**^' + 1 (C") 

10. Effect of Constants of Transformer on Instantaneous Current 
Values, — The curves on Fig. 14, plotted from equations A", B", and C" 
show clearly how the current in the secondary of the transformer grad- 
ually becomes symmetrical in reference to the zero line, while the mag- 
netizing current creeps up to a line which is symmetrical in respect to 
the primary current. 

The reactance of the secondary, X^, as has previously been indicated, 
contains two factors, X\ and Xg, of which X'^ represents that portion of 
the flux that interlinks with the primary coil, and Xg represents that 
portion of the flux that does not interlink with the primary coil, and is 
known as leakage reactance. X'^ and Z„ hold a definite relation to each 
other, which ratio, is that of tiie secondary turns N^ to the primary 
turns Ny The transformation ratio of the transformer for zero second- 
ary impedance is that ratio of the mutual inductive reactance X^ to the 
total secondary self inductive reactance X^, which ratio can only be 
considered equal to the ratio of the respective turns in so far as Xg can 
be neglected in comparison to X'^, The resistance in the secondary cir- 
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MAGNETIZING CURRENT Om> 
Fig. 14. CuKSBNT Diagram vos Bxampls 2 



cuit has little effect on the transfonnation ratio, but does produce a dia- 
placement in phase in the stable condition, and introdncee large errors 
in the transient term, since b is directly proportional to r^. The smaller 
the factor b, the more closely the secondary carrent follows the primary 
current and therefore, for observing transient currents, the secondary 
leakage reactance improves the accuracy; while resistance, though small, 
introduces large errors. The value of x^ is limited only in so far as its 
effect upon the primary current can be neglected. As increase of sc^ does 
increase the magnetizing current, but this increase is in phase with the 
primary curr^t and therefore no displacement results, and the trans- 
formation ratio is only diminished. Therefore, a transformer designed 
to be used for transient phenomena should have an exceedingly large 
secondary reactance and a very small secondary resistance. 
Under stable conditions, equation (34) becomes 



" =r — A 



X^ sin (8 — 8+8) 
Xi VV ^- 1 



- sin (# — s -I- 8) ■ 
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Since X^ is large in comparison to either r^ or a-j, it is evident from 
the above equation that an increase of r^ has little effect on the trans- 
formation ratio^ while an increase in x^ has an appreciable effect. Also, 

since B is small (arc tan ^7-- — ) the angle of displacement p 

is directly proportional to r^^ while increasing x^ decreases the displace- 
ment. In other words^ the magnetizing current required to force the 
secondary current through the resistance rj lags ninety degrees behind 
that portion of the primary current that is transferred to the secondary, 
while the magnetizing current required to force the secondary through 
the reactance Xj is in phase with tiie said current. 

11. Series Transformer with Iron Core and Negligible Secondary 
Leakage Reactance. — ^This gradual increase, or creeping of the magnetiz- 
ing current of the series transformer with unsymmetrical currents, has a 
much greater and more disastrous effect in the case of an ordinary 
transformer with an iron core. In the case of the air core transformer 
the magnetizing, current was a direct function of the primary current in 
all stable conditions ; but this, as has already been shown, does not hold 
true in the case of the transformer with an iron core. The mutual in- 
ductive reactance X^ and Ihe corresponding self-inductive reactance X'^ 
depend, in exactly the same way, upon the reluctance of the core circuit, 
and consequently their ratio is a constant, with a value the same as that 
of the ratio of the number of primary and secondary turns. The leakage 
reactance Xo is more or less independent of the permeability of the core, 

but depends upon the magnitude of the magnetizing current. Further- 
more as X'2 decreases it necessarily approaches the value of fj and the 
error due to the increasing factor b becomes very large. 

It is unfortunate that the saturation curve of the iron cannot be rep- 
resented by a mathematical equation and therefore the only solution of 
the problem is the tedious step by step method. Although this method 
obviously is not absolutely correct, it does give a close approximation. 
Consider first the problem where the secondary leakage reactance a?2 is 
negligible. From the terminal conditions and constants of the circuit, 
the primary current at any instant may be determined, as by equation 
(30). From equation (37), 

*'-^t"--*' (49) 

where the quantities are expressed arithmetically instead of algebraically. 
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The nature of what follows makes it more convenient to express the 
relation in this manner. Since the secondary leakage reactance is negli- 
gible, the change of flux need give only the e.m.f . necessary to force the 
secondary current through the resistance r^, or 

^J-0-^"'^ (^^) 

where Z> is a proportionality constant. Equation (50) may be written 

D dit> 
i = ~ TL (51) 

Substituting (51) in (49) 

Ni D d4> 

Changing from differential to difference, that is, replacing as approxi- 
mation d by A gives 

'-mV.—^ = ' («^) 

Taking increments of 10° for A ^ gives 

Ni D 

i'- — —5.73 ls^ = i 

iVi ra 

Whence A* ^ N ^ '^'^^ ^^' ~ ^^ ^^^^ 

If the remanent magnetism in the core of the transformer at the 
time the circuit is made be denoted by i^^y the flux <f> at any instant is 
given by the expression, 

* = <^o+ SA* .....(65) 



Substituting (54) in (55), 



N\ ri 



<l>=i>o+ S^^^.175[i'-i] (56) 

For convenience let rg have such a value that .175 — becomes equal 
to unity. Then (56) becomes 

* =4>o^^^U'-ii (57) 

j>a 
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As indicated above, the primary current may be determined from the 
conditions of the main circuit. Assuming a value for <t»Qy we may take 
as a first approximation 

<^' - >o + 5 ]^^ t (58) 

From the saturation curve a value of i corresponding to ^' is ob- 
tained, and substituted in equation (57). From (57) then a second 
approximate value of ^ is obtained, which from the saturation curve 
gives a very close second approximate value of t. The following example 
may illustrate more fully the method of procedure. 

Example 3. Assume the ratio of secondary to primary turns to be 
10; the per cent of primary magnetizing current to be 1.2^; the 
primary current as given by equation (A') ; a residual magnetism in 
the core of .5 units; and the saturation curve given in Fig. 15 to be that 
of the primary coil. The tabulation shown in Table 3 is a convenient 
form. Table 2 is a convenient tabulation for determining values of C. 

Column 2 of Table 3 is obtained from Table 2. The value of A 4>' 

in column 3 is equal to ~ • times the primary current x\ and ^ in 

column 4 is the sum of A 4! in column 3 and the value of ^ in column 
8 of the preceding line, (t) in column 5 is found from the saturation 
curve for the value of flux corresponding to 4. From (»'— i) of col- 
umn 6 the values of A <^ in column 7 are obtained and added to 8 of 
the preceding line. This gives the value of flux from which the final 
value of magnetizing current t is determined. From column 10, C is 
obtained. In Fig. 16 are plotted curves for the above case similar to 
those in Fig. 12. The much more disastrous effect of the magnetizing 
current in a transformer with an iron core is readily seen from a com- 
parison of these two sets of curves. 

12. Series Transformer with Iron Core and Appreciable Secondary 
Leakage Reactance, — If the reactance of the secondary must be consid- 
ered the change of flux must give an e.m.f. suflScient to overcome the 
reactance drop as well as tlie resistance drop of the secondary, or 

dt> di" 

Example 4. Take the data of Example 3, but consider secondary 
leakage reactance. Changing from differentials to differences, and tak- 
ing increments of ^= 10*, we obtain 

5 73 Z) A^ r= ni" + Xi 5.73 At" (60) 
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And 



i" = 



5.7a 



ri 



[Dr^^-x^An 



Substituting (61) in (49) 

N2 5.73 



V — 



[i>/^<^ — .ra Ar]-= i 



Which reduces to 



A^ - 



.175r2 JV^i 



D A 



7 [i' 






(61) 



(62) 
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Again, let Tj have such a value that .175 — becomes equal to unity. 
Then J9 = .175 fg, and equation (62) becomes 

^* = -^[i'-i] + o.73 7- Ai" (o3) 

Taking the secondary reactance equal to the secondary resistance, 
equation (63) becomes 

A <^ = ]^] Ci' - i] + 5. 73 Af" (64) 

But from equation (4U) A*" = 17 C A^' — A»J («5) 

Substituting (65) in (64) it becomes 

A* = ]^^ { [t' - i] + 5.73 [At" - AfJ I (66) 

Now substituting equation (66) in equation (55), an expression 
for the flux is obtained 

* - *o + S ]^^ j [i' - i] + 5.73 [A»' - AO 

« - *>o + S ]^] { (t + 5.73 A t") - (^ + 5.73 A [ .. (67) 

As a first approximation, the parenthesis containing i may be omitted, 
and equation (67) becomes 

* = ^o + ^'^^ii' +5.73 AO (68) 

With this value of ^' an approximate value i is obtained from the sat- 
uration curve. Bty this value of i the parenthesis of equation (67) is 
then filled in, and a second approximate value of ^ obtained, whence 
by means of tiie saturation curve, a second very close approximate value 
of % is obtained. 

Table 4 is a convenient form for tabulation. Column 7 of Table 4 
gives <f/ as obtained by the first approximation, and column 8 gives the 
corresponding magnetizing current. Column 12 gives A ^ as obtained 
when using i, and column 13 gives the second approximation of <^. 
Column 14 gives the corresponding value of magnetizing current, and 
from 15 the value of secondary current may be obtained. ^' in column 7 
is obtained by adding A <l> of column 6 to ^ of the previous line in 
column 13. In Fig. 17 are plotted curves from the above case similar 
to those shown in Fig. 13 and in Fig. 14. 
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CURRENT IN PRIMARY COIL (/,) 
CURRENT IN SECONDARY COIL (ij) 



MAGNETIZING CURRENT (i^) 
Fig. 16. Currbnt Diagram for Exampi«b 3 



Fig. 16 and Fig. 17 (corresponding to examples 3 and 4), show 
clearly the errors introduced by the use of the series transformer with 
an iron core in recording transient phenomena. The "steadying** effect 
of secondary reactance is made evident by a comparison of the two 
curves. 

The oscillograph record, shown in Fig. 18, is that of the current 
through the secondary of the series transformer together with the cur- 
rent through the primary, which is the starting current of an inductive 

X 

circuit with an electrical time constant ( — ). of 10. These experi- 

T 

mental curves are very similar to those as calculated from Examples S 
and 4 although the constants are somewhat different. 

13. Comparison of Methods of Computation for Series Transform- 
ers. — The agreement between the two methods of solution, namely, the 
"complex quantity method" and the "differential equation method*' may 
be pointed out briefly as follows. If transient terms be dropped, and the 
maximum value of equation (34) be divided by the maximum value of 
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equation (30) this will be the same as the quotient of the effective values, 
or the transformation ratio will be 



r 



It will be remembered that secondary load resistance and reactance 
were taken equal to zero in the second method. If therefore, r and x 
in equation (24) be replaced by zero, the agreement with equation (69) 
is evident. Again a comparison of equations (34) and (30) shows that 
the angle of phase difference between the two currents t* and % under 
stable conditions is p and 

P = arc tan o — arc tan ~ 

If r and x in equation (25') be replaced by zero, the agreement in 
phase angle as obtained by the two methods is evident. 

IV. Conclusions 

The conclusions that may be drawn from the preceding discussion 
in regard to the behavior of current transformers, are of a qualitative 
rather than a quantitative nature. The examples chosen, however, have 
been such as to give a fair and reasonable representation of magnitude, 
but the main purpose has been to derive and explain the general char- 
acteristics of the current transformer, and to point out some of its 
limitations. 

To enumerate again in detail all the results of this investigation is 
thought unnecessary. An examination of the figures will show most of 
them. In conclusion a few of the most general and important results 
are given : 

1. The transformation ratio and phase angle of a series transformer 
having a core of constant permeabilty (as air) are constant under given 
conditions for all values of primary current; but this is not so with a 
transformer having an iron core. With an iron-cored series transformer 
the form of variation depends upon the shape of the saturation curve, 
and upon the range over which the transformer operates. The range 
over which the permeability remains most nearly constant is the range 
over which the ratio remains most nearly constant. In a transformer of 
constant core reluctance the so-called magnetizing current is propor- 
tional to the primary current, and its phase position is constant. 

2. The introduction of resistance in the secondary circuit of a series 
transformer has the effect of increasing the phase angle, and this increase 
in phase angle is practically proportional to the secondary resistance for 
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reasonable values. Increasing the secondary resistance decreases but 
slightly the transformation ratio. Hence it may be said that in general 
the introduction of secondary resistance is yery objectionable when the 
transformer supplies current for a wattmeter, but is not seriously ob- 
jectionable when the transformer supplies current for an ammeter. 

3. The effect of secondary reactance, and the equivalent effect of 
magnetic leakage is to reduce the phase angle slightly, and the trans- 
formation ratio very considerably. 

4. The phase angle increases with decreased permeability, and conse- 
quently in a transformer with an iron core the phase angle increases as 
the line current decreases. 

5. The effect of changes in frequency within a range of 10 cycles is 
not generally serious. It should be pointed out, however, that in addi- 
tion to the effects of frequency shown in the curves, in a transformer with 
an iron core, decreasing the frequency raises the point of operation on 
the saturation curve, and hence increases the core loss and alters the 
form of variation of transformation ratio and phase angle with primary 
current. 

6. The desirability of a high number of turns was pointed out. With 
a reasonably high number of turns and a not excessive value of second- 
ary resistance the effect of frequency over a considerable range is 
negligible. 

7. The effect of core loss is to decrease the secondary current, this 
effect being lessened by inductive secondary load. Increased core loss 
decreases the phase angles, and this effect is increased by inductive sec- 
ondary load. 

8. In an iron-core series transformer the value of flux density should 
be low (say B = 2,000 at full load). This means a low value of mag- 
netizing current. To this end excessive secondary impedance should be 
avoided, as increased impedance requires an increase in flux in prac- 
tically direct proportion to the impedance. Since the effect of magnetic 
leakage is equivalent to the effect of secondary reactance, the transformer 
should be designed with a view to minimum magnetic leakage. This 
requires a well closed iron circuit. 

9. For recording instantaneous values of current in transient or 
unsymmetrical systems, the commercial series transformer with an iron 
core is quite inadequate, and cannot be relied upon. 

10. If necessity demands the use of a series transformer in recording 
transient or unsymmetrical currents, an air-core transformer, designed 
to have a very small secondary resistance and a large secondary reactance 
will be found to give results nearer to those desired than can be obtained 
with an iron core transformer. 
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TABLE 2 

DETERMINATION OF VAIrUES OF i' 



1 


2 


3 


4 


5 


6 


7 

e 


8 


9 


10 


dcgtccs 


8' 
rwlians 


<legreet 


fl^' 


e-^' 


sin(^i-5) e-^ 


(S-s) 


mniO—s) 


t' 





.0 


90 





1 


1.000 


176 


90 


1.000 





10 


.176 


Cf 


.0175 


.983 


.983 


186 


100 


.986 


—.002 


20 


.349 


<« 


.0349 


.966 


.965 


196 


110 


.940 


—.026 


80 


.624 


M 


.0624 


.950 


.960 


205 


120 


.866 


—.084 


40 


.699 


«f 


.0699 


.936 


.936 


216 


130 


.766 


—.169 
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.873 
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.92 


.92 
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.643 
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70 
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.866 
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.826 
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—1.167 
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«« 
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—1.310 
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305 


220 


—.643 


—1.438 
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2.44 
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.244 


.786 
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230 


—.766 


—1.561 


160 
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M 


.262 
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240 


—.866 


—1.636 
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f« 


.279 


.76 


.76 


336 


250 


—.940 


—1.700 


170 


2.97 


•< 


.297 


.746 


.746 


345 


260 


—.985 


—1.730 


180 


3.14 


f« 


.314 


.73 


.73 


356 


270 


—1.000 


—1.730 


190 


3.32 


f« 


.332 


.716 


.715 


365 


280 


—.986 


—1.700 


200 


3.49 


ft 


.349 


.706 


.705 


375 


290 


—.940 


—1.646 


210 


3.67 


<l 


.367 


.69 


.69 


386 


300 


—.866 


—1.666 


220 


3.84 


l< 


.384 


.68 


.68 


396 


310 


—.766 


—1.446 


230 


4.02 


M 
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.67 


.67 
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320 


—.643 


—1.313 
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(f 


.419 
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416 


330 


—.600 


—1.160 
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4.37 


*« 
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.66 


.65 
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340 


—.342 


—.992 
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tt 


.464 


635 


.635 


435 


360 


—.174 


—.809 
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4.72 


f( 


.472 


.626 


.625 


446 


360 





—.625 


280 


4.89 


«f 


.489 


.616 


.615 


456 


370 


.174 


—.441 


290 


6.07 


" 


.607 
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.606 


466 


380 


.342 


—.263 


300 
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476 


390 


.600 


—.090 


310 


6.42 


a< 
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.063 
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.866 
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340 
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•( 
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430 


.940 


.390 


360 


6.11 


«« 


.611 


.54 


.64 


626 


440 


.986 


.446 


360 


6.28 


<« 


.628 


.636 


.536 


636 


450 


1.000 
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TABLE 3 

SOIyUTION OF EXAMPLE 3 



1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


e' 


V 


^'^'-n:' 


«' 


• 

t 


{i'-i) 




* 


• 

% 


(i'-i) - ^« i" 











.500 











.500 








10 








.500 











.600 








20 


.025 


.002 


.502 





.025 


.002 


.602 





.025 


30 


.084 


.008 


.510 


.001 


.083 


.008 


.510 


.001 


.083 


40 


.169 


.017 


.527 


.002 


.167 


.017 


.527 


.002 


.167 


60 


.277 


.028 


.555 


.003 


.274 


.027 


.554 


.003 


.274 


60 


.400 


.040 


.595 


.004 


.396 


.040 


.694 


.004 


.396 


70 


.543 


.054 


.649 


.006 


.537 


.054 ' 


.648 


.006 


.637 


80 


.696 


.070 


.718 


.007 


.689 


.069 


• .717 


.007 


.689 


90 


.855 


.085 


.803 


.008 


.847 


.086 


.802 


.008 


.847 


100 


1.014 


.101 


.903 


.010 


1.004 


.100 


.902 


.010 


1.004 
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1.167 


.117 


1.019 


.011 


1.166 


.116 


1.018 


.011 


1.156 


120 


1.310 


.131 
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.012 


1.298 


.130 
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1.438 
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.013 
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.013 
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1.551 
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1.637 
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1.636 


.164 
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1.620 
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1.700 


.170 
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.018 


1.682 
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1.730 
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1.710 
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1.946 
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.023 
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.925 


.093 


3.066 
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.090 
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.004 
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—.006 


3.241 


.084 
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.083 


— .146 
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.196 


__.020 
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.081 


_.277 
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.080 
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330 
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031 


3.174 


.077 
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— .038 
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.076 
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— 390 


_.039 


3.128 


.072 


—.462 


.046 
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.071 
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—.445 
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.067 


-.512 
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.066 


.^..611 
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.046 


3.023 


.062 


— .527 


^. . 053 


3.017 
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ELECTRON THEORY OF MAGNETISM 
I. Essential Features of the Electron Theory of Magnetism 

1. Introduction. — During the last decade the development of the 
subject of magnetism has made rapid strides. Not only have the older 
theories and methods been extended by improved facilities, but new 
theories have been advanced which are intended to correlate the great 
mass of data and facts, and thus enable our present knowledge to be 
extended along new lines. Among the new theories which have been 
advanced by various authors, the electron theory of magnetism is one of 
the most important and interesting. This theory seems to account for 
magnetic phenomena in a very direct way. We have only to assume 
that the molecular currents of Ampere, which form the elementary 
magnets, are revolving electrons in order to express Ampdre's theory of 
magnetism in terms of the electron theory. However, a closer study of 
their orbits, due to Voigt and J. J. Thomson, showed that these currents 
cannot account sufficiently for the phenomena of diamagnetic and 
paramagnetic bodies. It was only on the basis of the researches of 
Curie that Langevin was able to give a more satisfactory theory of 
diamagnetism and paramagnetism. 

The theory, worked out by Langevin for paramagnetic gases only, 
was later extended by Weiss to ferromagnetic substances. Weiss 
introduced a new notion into the theory of magnetism, viz., that of an 
intrinsic or molecular magnetic field by means of which he could account 
in a very beautiful way for the magnetic properties of the crystal 
pyrrhotite and many of the magnetic properties of iron, nickel, and 
cobalt. He has also contributed most essentially to our experimental 
knowledge of the ferromagnetic phenomena. 

One of the co-workers of Weiss in the fundamental investigations on 
pyrrhotite was J. Kunz, who also contributed to the theory of magnetism 
by determining the elementary magnetic moment and the charge of the 
electron from purely magnetic phenomena. In his lectures on the 
electron theory given at the University of Illinois, Kunz gave an ac- 
coimt of the present theory of magnetism and of the experimental and 
theoretical work of Weiss. The author of this bulletin has used these 
lectures as a basis, drawing in addition, from the works of the various 
authors who have made further experimental advances. 

Weiss recently advanced a new theory in which the magnetism of a 
substance appears to be made up of magnetons just as a negative electri- 
cal charge is an aggregation of electrons. This theory, if confirmed by 
further experimental evidence, represents a new fundamental step in 
the development of our knowledge of the material universe. The 
experimental evidence, however, seems hardly strong enough to warrant 
a detailed discussion of it in this bulletin. 

The present theory of magnetism as developed by Langevin and 
Weiss is open to certain objections and fails to explain a considerable 
number of magnetic phenomena. It gives for instance no connection 
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between the elastic and magnetic phenomena of ferromagnetic sub- 
stances. It is possible that even the foundation of the present theory 
will undergo changes, but the experimental facts which have been con- 
sidered in developing the present form of the theory will still be of value. 
It seems advisable, therefore, in order to give to this bulletin a more 
permanent value, to lay considerable stress on the experimental methods 
applied by Weiss and his followers and to give also the results obtainai 
since the time when the classical book on magnetism was written by 
Ewing. 

The first part of the present bulletin contains, therefore, the essential 
features of the electron theory of magnetism, the second and the third 
parts give an account of the properties of ferromagnetic crystals, while the 
fourth part gives further experimental evidence in favor of the electron 
theory of magnetism together with an account of some of the 
phenomena for which the theory in its present form fails to give a satis- 
factory explanation. 

2. Kinds of Magnetism. — Bodies are divided, from the point of 
view of their magnetic properties, into three distinct groups: ferro- 
magnetic, paramagnetic, and diamagnetic. 

Under ferromagnetic substances are classed those substances of 
which the intensity of magnetization at saturation is of the same order 
of magnitude as that of iron. They are iron, nickel, cobalt, magnetite, 
pyrrhotite, and the Heusler alloys (which consist of copper, manganese 
and aluminum). 

Paramagnetic substances are those which, while they become mag- 
netized in the direction of the field, do so very feebly. Among para- 
magnetic bodies are found oxygen, nitrogen dioxide, palladium, plati- 
num, manganese, and the salts of various metals. 

Diamagnetic bodies, which include the greater number of all simple 
and compoimd bodies, have properties very different from those of either 
ferromagnetic or paramagnetic bodies. When placed in a magnetic 
field, they become slightly magnetized in a direction opposite to the 
direction of the field. 

Some bodies, such as iron, when heated, show a gradual transition 
from the ferromagnetic to the paramagnetic state or vice versa, but as 
yet no body, with the exception of tin, has been found which, by change 
of physical conditions, will pass from the diamagnetic to the paramag- 
netic state. 

Within the last decade a large amount of work has been done on 
the ferromagnetic substances, magnetite, hematite, and pyrrhotite, 
which are found in nature in crystals of such size and shape as will per- 
mit of a study of their magnetic properties. However, it is not possible 
to obtain comprehensive results with magnetic crystals merely by adapt- 
ing to them the methods that have been applied with success to 
isotropic substances. 

In the case of isotropic substances, the intensity of magnetization 
has always the same direction as the field, and, as in all directions the 
behavior is the same, it is sufficient to apply to the substance a magnetic 
field of any direction and to determine the intensity of magnetization 
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corresponding to each of its values. It is true that it is necessary to take 
into account the different secondary phenomena, hysteresis, retentivity, 
etc., which influence considerably the character of the principal phe- 
nomena. 

For allotropic substances, it is necessary to consider, besides the 
magnitude of the field and of the intensity of magnetization, their direc- 
tions, which, in general, are different for these two quantities. In place 
of a fimction of one variable there will be a system of three functions 
of three variables if one represents the field and the magnetization by 
their components. As the secondary phenomena are as complicated 
as in isotropic substances, it is easy to see that the complete investiga- 
tion of the magnetic properties of a crystal constitutes a very difficult 
problem. 

3 . General Properties of Electrons. — The electron theory of magnetism 
supposes that the atom is made up of positive and negative electricity, 
the latter always occurring as exceedingly small particles called electrons, 
and that these electrons, whenever they occur, are always of the same 
size and always carry the same quantity of electricity. It is this pecul- 
iar way in which the negative dectricity occurs both in the atom and 
when free from matter that gives to the theory its name. An electron 
is then, an ''atom" of electricity, or the smallest amount of electricity 
which can be isolated. These electrons are given out by all bodies at a 
sufficiently high temperature accompanying the phenomena of radia- 
tion. These dectrical particles leave the metals and other substances 
imder the action of visible and invisible light. Roentgen rays, radium 
rays, etc. Tliey appear in most of the radioactive processes and in 
chemical reactions. Thus when a metal is oxidized it emits electrons. 
Whatever be the source of the electron, its electrical charge has always 
been found to be from 4.65 X lO-^® to 4.69 X 10"^^ absolute electro- 
static units. The mass of the electron is about 1,800 times smaller than 
the mass of the atom of hydrogen, which is the lightest chemical element 
and which has a mass of about 1.61 X 10~^ grains. The mass of the 
electron is not ordinary chemical or ponderable matter, but apparent or 
electromagnetic mass and is due to the electromagnetic fidd which 
surroimds the electron in motion. The radius of the electron has been 
foimd to be 1.8 X 10~" cm. To illustrate the size of an electron as 
compared with an atom, imagine a hydrogen atom increased in volume 
to that of a large cathedral, the electron being increased proportionally. 
Then the volume of the electron would be that of a fly fl3ang about in 
the vast space. In spite of this minute size of the electron, or rather 
because of this minute size, the actions of the elementary charge are 
surprisingly great. Thus the electrical field on the surface of the elec- 
tron is 1.4 X 10", or 10" times stronger than any which we are able to 
produce by artificial means. 

An electric current in a metal consists of electrons in motion, while a 
current through electrol3rtic solutions and through gases at ordinary and 
reduced pressures consists of positive and negative ions. As the pres- 
sure in a discharge tube becomes smaller, the electrical current is car- 
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ried more and more by free electrons or cathode rays which, by their 
impact on a solid obstacle, give rise to Roentgen rays. 

The electron theory aims to explain all the phenomena of light, 
electricity, and magnetism, and in many cases it is the only theory that 
is able to explain the great variety of physical phenomena. The 
electron forms a part of each atom of the miiverse and it plays an im- 
portant rdle in the chemical theories of matter. It is probable that the 
forces of aflinity in the chemical reactions can be reduced to electrical 
forces between the electron and the positive charge of the atom. Thus 
chemical phenomena are drawn into the circle of the electron theory. 
Even mechanics, the oldest branch of exact natural science, is affected 
by the discovery that the mass of the electron depends on its velocity, 
so that Newton's equations of dynamics, the basis of the physical 
science, have to be slightly changed*. Finally, in the radioactive 
transformations, in which one element is transformed into another 
element, the electron plays an essential rdle. 

An electron in motion is surrounded by a magnetic field. When 
an electron moves in a closed orbit, it is accompanied by a permanent 
magnetic field identical with that of an elementary magnet. Ampere 
considered the elementary magnets of iron as due to electrical currents 
flowing in closed molecular orbits without resistance. If we replace 
these currents of Ampere's theory by electrons moving in closed orbits, 
we have the f undamentsd idea of the electron theory of magnetism. 

4. Electromagnetic Force Due to an Electron in Motion, — Rowland's 
experiments show that a moving electron is surrounded by a magnetic 
field. Consider a small element dly Fig. 1. of the conductor carrying 
the current i. Let m be the magnetic pole, and ^ the angle between the 
direction of the current and the radius r. Then the electromagnetic 
force produced at m by this element is 

ig-^ midZ sin 4> 
Suppose 

then 

dK^i^ip^ ^jj 

Suppose now that the current i is that due to an electron moving with 
a velocity t;, where v is not greater than one third that of the velocity 
of light. If the electron moves through the distance dl in the time <ft, 
we will have 

dl=vdt (2) 

Also 

»-3i (3) 



* For all engineering purposes and for the motion of the heavenly bodies this 
change is too small to be considered. It is only when the velocity of the mass 
approaches in magnitude the velocity of light that the effect is appreciable. 
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FlO. 1 

Substituting (2) and (3) in (1) we get 

fjjr— ^ sin ^ 



(4) 



If we consider a sphere of radius r, Fig. 2, with an electron at the 
center moving with a velocity v, the magnetic force at the point m will 
be, from equation (4) 

fjir -. ^ sini^ 




Fig. 2 



This is the same for all points on the surface of the sphere where 4> 
is the same. Therefore there is a circle around the sphere where the 
magnetic force is constant. The direction of the magnetic force is at 
right angles to the motion of e, or in a plane perpendicular to the x-axis. 

5. Diamagnetmn, — As defined before, a diamagnetic body is one 
which when placed in a magnetic field becomes slightly magnetized in 
a direction opposite to that of paramagnetic substances. Thus, a 
cylindrical diamagnetic body will set itself perpendicular to a magnetic 
field. 
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Consider in any atom an electron of mass m and charge e. Fig. 3. 
moving with a velocity v, in an orbit of radius r the plane of which is 
perpendicular to a magnetic field of intensitv H. In the absence of the 
magnetic field, the centrifugal force on the dlectron is opposed by elastic 
forces, which we will suppose to be directed toward the center of the orbit 
and to be proportional to its radius. Then 

(5) 



r ' 



where / is the force of attraction toward the center, when 

r«l cm. 




H 



Fig. 3 

Now apply the external magnetic field, and the electron is subject 
to a force at right angles to the field and to the direction of its motion, 
that is, along the radius of its orbit. The magnitude of this force is 
found as above by applying the fundamental law of electromagnetism. 
As before we have 

ji^_ fnidl sin ^ 

r* 



->^ 



♦ 



»£re9sin0 

If the angle 0» Wf^ the force which the magnetic field exerts on the 
electron moving through the distance dl is 

dK--Hev 

Appl3ring Ampere's rule we see that if the electron is negatively 
charged the force is directed outward along the radius. Since the elec- 
tromagnetic forces acting on the electron are perpendicular to the direc- 
tion of its motion, the magnitude of its velocity v is unchanged by the 
action of these forces. 

Denoting the period of the new orbit produced when the field H is 
acting by T' and its radius by r', we have 



or 



r 



nu^ _f_Hev 



(6) 
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(6) — (5) gives ^w^__^!^_ _^f? 

m_ 27rr 



(7) 



or 



Therefore 



7^2 = 



4irV 






(8) 



Also 



or 



Therefore 



wT/^ 2yr 

V 



Substituting (8) and (9) in (7) 

4^m 4^m 2TrHe 



(9) 



whence 



11 He 



or 



This may be written 



y T^ 2'imT 

r»-r^ _ He 

T^T^ 2'KmT 



{T+r){T^r) _ He ,j.. 

Now the diamagnetic phenomena are very small, therefore we can with- 
out appreciable error put 

T+T = 2T 
and 

Substituting these values in (10) we have, 

T-r=-^^ (11) 

47rm 

« In order to calculate the intensity of the induced magnetization, let 

us replace the revolving electron by an equivalent current flowing in 

a circuit coincident with its orbit. The strength i of the equivalent 

current is given by 

Now the magnetic moment of a circuit of area A carrying a current i is 
given by 

Mi = Ai 
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In the case of an undisturbed electron revolving in an atom 

e 

and A = Tf* 

where r is the radius of the orbit. 

Therefore the moment of the equivalent elementary magnet is 

When the magnetic field H is applied this becomes 

Let 

Ml- Ml' ^ A Ml 
be the induced magnetic moment for one revolving electron. 
Therefore 



Mi — ev{m^mi I • 



If we have N electrons revolving in unit volume, the induced magnetic 
moment per unit volume is 

AM=iVAAfi=JVeir(J-p) (12) 

From (8) 

r' v^T 

From (9) 

r'* v^T' 

r=4^ (1^) 

Substitute (13) and (14) in (12) and 

^^=^^(r-n (15) 

From (11) 

4irm 
Therefore (15) becomes 

^^=■"14^0^ (1^) 

Substitute (13) in (16) and there is obtained 

aM= 5 

4m 

4m 
This is the induced magnetism per unit volume due to an external 
magnetic field H. Therefore a 3f is proportional to H, or 

AM=-fctf, 

where k = — j — 

4m 

is defined to be the diamagnetic susceptibility. 
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All the quantities on the right hand side of this equation are essential- 
ly positive, hence A Af is negative and the body is diamagnetic whatever 
the sign of the electronic charge e. Thus all substances possess the 
diamagnetic property according to the above theory. Some substances 
are also paramagnetic, that is, one phenomen on is superimposed on 
the other. 

In the above calculations it has been assumed that all the electronic 
orbits are so arranged that their axes are in the direction of the magnetic 
intensity of the inducing field and their planes perpendicular to their 
direction. It would be more accurate to assume that the axes are 
distributed in all directions. However, the change introduced by this 
assumption would consist only in multiplying the right hand side of the 
last equation by a proper fraction whose value is not very different from 
unity. 

Multiplying numerator and denominator of the above expression 
for k by m, the mass of an electron, then 



Ks)'" (") 



where p is the density of the electrons, or the mass of the electrons per 
unit volume. It is seen that the effect produced contains as one factor, 

the square of the ratio --, and since this ratio is at least a thousand times 

greater for the negative electrons than for the positive corpuscles it 
is the former, which are present in all substances, that play the essential 
r61e in the production of diamagnetism. 

In the case of water, of which the diamagnetic constant is .8 X 1(H, 
the density p of the negative electrons, which constitute only a part of 
the molecule, is less than unity and probably greater than 1/2000, the 
ratio of the mass of a negative electron to that of the atom of hydrogen. 
The ratio e/m is known and is 

^=1.8X10' 

absolute electromagnetic units. 

Substituting the above values in equation (17) we get, using 1 for p, 

r < 10"* cm. 
Substituting 1/2000 for p we get 

r >2X10-^°cm. 
Therefore 

2 X 10-i» < r < 10-«. 

Experimental determinations indicate that r actually lies within these 
limits. 

As the electronic orbits are considered to belong to the interior of 
the atom, which is not affected by temperature, we should expect that 
the diamagnetic susceptibility does not depend upon temperature. 
Curie's results indicate that, in general, this is the case, although du 
Bois and Honda found a large number of exceptions. Also the position 
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of the lines of the spectrum, which are due to the revolution of electrons 
inside the atom, is almost entirely independent of the temperature. 

Equation (16) above may be interpreted simply as follows. The 
equation 

4m 
expresses the increase in the magnetic moment per unit volume, which 
contains N electrons. For one electron the increase in the magnetic 
moment is 

4m IT 
This may be written 

^^^=-l^ = -iSji^^ (18) 

if the electron describes a circular orbit whose area is nr*. The change 
of the magnetic moment of the electronic orbit is determined by the 
flux of magnetic induction HA which is produced by the external field 
passing through the orbit. 

This is exactly the result that is obtained by merely applying to 
the electronic orbits the elementary laws of induction for the elementary 
circuits. Let us suppose that the resistance of the orbit is zero, and 
the self-inductance equal to a L. If % is the current, the equation for 
the induced e. m. f . gives 

d(ALi) ___d(it>)____ d(HA) 
dt dt dt 

whence 

^Li = -HA (19) 

if £f is zero in the beginning. 

4iTrm 
Substituting the value of HA given by (19), 

4irm 



AAi = ^-^— aLi 



It is sufficient to take 



4irm 



Whence since A = irr* 

4ir*mr* 



L = 



C2 



Thus the apparent self-induction is proportional to the mass of the 
electron and to the square of its radius, and inversely proportional to 
the square of the charge. This self-induction will identify itself with a 
real self-induction corresponding to the creation of a magnetic field by 
the electronic orbit, only if the inertia of the electron is wholly of electro- 
magnetic origin. 
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If we assume that the self-mduction of the current is due to the 
electromagnetic inertia of the electron, 

where 

and 

2irr 

Whence 

«* m4ir*r* 



or 

T 4ir*mr» 

which corresponds to the value of L foimd above. 

The diamagnetic modification corresponds to a slight change in the 
magnetic moment of the original circuit. We have seen that this mag- 
netic mom^t has the value * 

Mi = At = A^ 

This magnetic moment, owing to the variation of the magnetic field, 
undergoes a change 

The relative variation of the magnetic moment is 

Ajfi HTe 
Ml 4irm 

which in the case of all diamagnetic bodies is very small. Now -— is 

m 

of the order of 10' for negative electrons and still less for positive particles. 
T must necessarily have a value larger than that of the period of light 
which is of the order of lO*^', for if the time of vibration were so sinall, 
the magnet would be a spontaneous source of light and permanent 
magnetism would be impossible. Let us assume that T is of the order 
10~", which corresponds to the longest wave length that has been isolat- 
ed in the spectnim of mercury vapor. Then in order to make ^ 

approach unity, H needs to be of the order of only 10*. Now we are 
able to produce fields of the order of 10*, which, on the above assump- 
tion, would cause a change in the magnetic moment of the diamagnetic 
substance of one tenth of that of its original value. 

6. Magnetic Energy. — In order to calculate the energy required 
to produce the diamagnetic modification, let us assume an electronic 
orbit which is without motion during the establishment of the magnetic 
field H. The magnetic force is perpen(Ucular to the plane of the orbit 
and therefore produces no work. If there is a displacement dl along the 
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orbit (Fig. 4) and the electric force is E, the work done is 

dWi^ eEdl cos a 

= e (EJx + E/ly + E/iz) 
or 



W.^eJ^ (Ejlx + Eydy + EM^ 




FiQ.A 

During the time T of one revolution of the electron, which is of the 
order of 10 ~^* seconds, a time extremely short in comparison with the 
time necessary for the establishment of the field by the creation of 
currents or the displacement of magnets, £«, Ey, E, will not change 
appreciably and the work W may be calculated by an application of 
Stokes's Theorem. 



Wi^e/iEjix+Eydy+EM^eff [(|f'-^)cos 



nx 



_,/dE^ dE,\ _,/dE^ 



dE. 



\ 



where n is the normal to the surface. 
Introduce Maxwell 's equations, 

ldH^^_ /dE 



dyl 



cos nz 



]dA 



(20) 



dEj\ 
dz) 



c di \dy 

C di \ dz dx) 



(21) 



1 dH,_ /dE^ dE^\ 
c di \dx dyl 

c, the ratio between electrical energy expressed in electrostatic and 
electromagnetic units, is already included in E^, Ey, and E^ of equation 
(20), therefore it should be omitted from equation (21) before substitu- 
tion. Substituting (21) in (20), we have 

TFi = — e j j Xjof cos ^^+-Qf cos wy4— ^r* cos nAdA 



Now 
Therefore 
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Hxcos nx+H,eos ny+H,coB tu=*H 

'dH 



W^—eff'=^dA 



dH. 

since -jt is the same for all points of the area A. 

The work done by the increasing magnetic field per unit of time is 

•A dH 
Therefore 

The work done in the time dt is 

dWi = -MidH 
whence 



-r 



MidH (22) 

where Mi is the magnetic moment of the electronic current in the direc- 
tion dH. This work, done during the establishment of the magnetic 
field H by the current, or by the displacement of a magnet, is trans- 
formed into kinetic or potential energy of the electron which produces the 
electronic current. It represents the potential energy between the 
revolving electron and the magnetic field H. This transformation of 
energy accompanies the production of the diamagnetic state. 

If the initial magnetic moment of the revolving electron is equal to 
Af o, the external field being zero, the magnetic moment under the action 
of the field will be 

From (22) 

If the molecule has A^ orbits, the resultant initial moment M will be 

M^MJf 
whence 

W'--MH-¥ ^^*^ 

ofn 

If the body is purely diamagnetic, M is zero and we have simply 

8m 
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This is the energy brought into play in purely diamagnetic phenomena. 
It is always present even in the case where the body is paramagnetic, 
but is small in comparison with the energy of the latter. 

7. Paramagnetism. — We have seen that in all cases the creation 
of an exterior magnetic field modifies the electronic orbits by polarizing 
diamagnetically, all the molecules. This phenomenon is manifested 
only in the case where the resultant moment of the electronic orbits is 
zero, when the matter is diamagnetic in the ordinary sense of the word. 

If the resultant moment is not zero, upon the diaimagnetic phenomena 
is superimposed another phenomenon due to the orientation of the molec- 
ular magnets by the external field. The substance is then paramagnetic 
if the mutual action between molecular magnets is negligible, as in the 
case of gases and of solutions, and ferromagnetic in the case where the 
mutual actions play the essential r61e. As soon as the paramagnetism 
appears it is, as a rule, enormous in comparison with the diamagnetism 
and therefore completely conceals it. This explains the absence of 
continuity between paramagnetism and diamagnetism; paramagnetism 
may not exist; but if it exists, it hides completely the diamagnetism. 

Therefore, substances whose atoms have their electrons in revolution 
in such a way that their efifects are additive, are paramagnetic. The 
atoms of such substances may be looked upon as elementary magnets. 
The energy of such an elementary magnet may be represented by 

Tr= - MH cos a 
where a is the angle that the magnet makes with the magnetic field H. 

If a magnetic field acts on a paramagnetic substance in a gaseous 
state and if the molecules have no thermal agitation, they will rearrai^e 
themselves in a direction parallel to the magnetic field. By virtue of 
this rearrangement they will, like a falling body, lose their original 
potential energy and acquire kinetic energy. 

8. Curie's Ride. — Let us consider a paramagnetic body in the 
gaseous state, such as oxygen, whose molecules have a magnetic moment 
Af . The molecules of such a body will turn, when under the influence 
of a uniform magnetic field H, in such a way as to place their magnetic 
axes parallel to the field. Let us calculate the magnetic moment per 
unit volmne after the rearrangement has taken place. 

If the magnetic moment makes an angle a with the direction of the 
uniform field H, then the molecule possesses a potential energy equal to 

—MH cos a 
The increase of this potential energy is derived from the kinetic energy 
of rotation of the molecules in the same way in which the potential 
energy of gravitation of the molecules of a gas is derived from the kinetic 
energy of translation when it is rising. The resultant inequalities in the 
distribution of kinetic energy between the orientations and the degrees 
of freedom of the molecules, rotation and translation, are not compatible 
with thermal equilibrium. A rearrangement takes place at the instant 
of the collisions during which the magnetic polarity appears and the 
energy 

-HdM 
of thermal agitation turns into potential energy of magnetization. 
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If the molecules have no relative potential energy of orientations, 
as in the case of gases and liquids, it is necessary, in order to maintain 
the medium at a constant temperature during the process of magnetiza- 
tion, to introduce into the system the energy -HdM, in the form of heat. 
In the case of a solid, where the molecules have a potential energy of 
orientation, this heat will be introduced only in case a cycle has been 
performed. 

In the former case, we may apply the principles of thermodynamics 
in order to find the law experimentally established by Curie, since the 
process is perfectly reversible. The magnetic moment M for a given 
mass of the substance will be a function of the magnetic field H, and 
of the absolute temperature T. During a reversible change dH, dT, 
one can take out of the system a quantity of heat of which the portion 
which depends on H is 

dQ^HdM 

^Hi^dH + '^dT). 
In a reversible process 



Therefore 



dA=f 



^^ ~ f Ht ^"^ "^ r 'dH ^^' 



According to the second law of thermodynamics this must be an 
exact differential, therefore 

A. {K^\ -J. (IL^\ 
Hd\T dTl ~dT\T dHf 

or 

j_dM , g am _H am H 2dM 
T aT '^T araH 'faHar t an 

whence 

1 aM H aM 

T aT" TaH* 

Therefore 

aM_ H aM 

aT T aT 

or 

aM 

%---" (^) 

dH 

The general integral of (23) is 

M=f{H/T) (24) 

In the beginning of the magnetization, where the susceptibility may be 
considered constant at a given temperature 

M=kH (25) 
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Comparing (24) with (25), we see that k, the paramagnetic suscepti- 
bility, must vary inversely as the absolute temperature, that is 

This is called Curie's Rule, and the constant A is sometimes called 
Curie's constant. When this rule was first given out by Curie, it was 
thought to be general, but since then some substances have been found 
in which temperature does not i^ect the diainagnetic susceptibility k, 
and others in which k actually increases with increase of temperature. 
9. Langevin'a Theory. — The followii^ comparison, which is due to 
Langevin,* will make clear the theory which precedes. Imagine a gas- 
eous mass contained in a given receptacle Fig. 5, without being subject 
to the action of gravity. The molecules will distribute theni^ves in 
such a manner that the density of the gas will be the same at all points, 
which is similar to that which takes place in the case of a magnetic gas, 
such as oxygen, in the absence of an exterior magnetic field when the 
molecules have their axes distributed uniformly in all directions. Fig. 7. 
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Fig. 5 



Fig. 6 



If the force of gravitation is applied. Fig. 6, the molecules will 
acquire an acceleration directed toward the base, and, in the absence of 
mutual collisions, each molecule will have a greater velocity at the 
bottom than at the top of the vessel. But this inequality of velocity is 
incompatible with thermal equilibrium, and a rearrangement will take 
place due to the mutual collisions, after which the distribution which is 
established is given by the formula of barometric pressure. The center 
of gravity is lowered, and in order to maintain the gas at the initial 
temperature, it is necessary to remove from it a quantity of heat equiva- 
lent to the product of the mass of the gas by this lowering of the center 
of gravity, or equivalent to the loss of potential energy. One deduces 
from a thermodynamic reasoning analogous to that given above, that 
this lowering of the center of gravity is inversely proportional to the 
absolute temperature. 

After the rearrangement in a mass of gas of uniform temperature, 
the distribution of the molecules takes place between the various regions 
in a manner such that the molecules will be more numerous where the 

*P. Langevin, Ann. de Chem. et de Phys., Ser. 8, Vol. 5, p. 70, 1908. 
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potential energy is the least, that is to say, at the lowest points in the 
case of gravity. Boltzmann has calculated the distribution by generaliz- 
ing the law of barometric pressure. The ratio of the densities of the 
gas in two points between which the potential energy varies by W is 

w 

where e is the base of Naperian logarithms, T the absolute tempera- 
ture of the gas and R the constant of the equation of a perfect gas, a 
constant such that, according to the kinetic theory, RT represents two 
thirds of the mean kinetic energy of translation. 

The change when the magnetic field H is applied to a paramagnetic 
gas such as oxygen, Figs. 7 and 8, is the same as in the case of gravity 
except that here we have a rotation of the axes of the elementary mag- 
nets which assimie the direction of H. Here too there is a loss of poten- 
tial energy and a gain of heat, the rise in temperature being due to the 
thermal agitation of the molecules which produce a certain amount of 
heat due to their rotation. 






H 



FiQ. 7 Fig. S 

The distribution of the molecules between the various orientations 
will be determined by the static equilibrium which will establish itself 
under the superimposed influence of the potential magnetic energy, 
MH cos a, and the energy RT of thermal agitation, the molecules being 
from preference oriented in the direction of least potential energy, that 
is to say, with their magnetic axes in the direction of the field. If one 
considers the distribution of the magnetic axes between the various di- 
rections, the density per unit of solid angle will vary from one direction 
to the other proportional to 



e 



mil CPU a 
KT 



all directions being equally probable if Af or H^^O. The number of 
molecules whose axes are directed within the solid angle da, Fig. 9, will be 



MH co« a 



where the element dw is a zone of aperture da around the direction of the 
field 

(2ci)=2t sin ada 
a varying from to t. 
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Therefore 

dn^Ke''^^27r sin ada (26) 

The total number of molecules per unit volume N will be 



where 

Let 

then 

and 



N=2TKi e sin ado 



„ MH 

cos a = x 
di= —sin ada. 



N = 2ieK / 



ax J 

e ax 



['-] 



— i 



Now 



Therefore 



whence 



-¥(«•--) 



— 7z — =8inh a 



N^ — ^^sinha 
a 

K= 9:E (27) 

4 IT sinh a 



The total magnetic moment of the N molecules is evidently directed 
parallel to the field and is equal to the sum of the projections of the 
component moments on this direction. For the unit of volume supposed 
to contain N molecules, this resultant moment represents the intensity 
of magnetization /. 

/ = j Af cos a dn. 

Substitute for dn its value given by equation (26) and 

/ = J M cos oKe " *^ * 2ir sin a da 
Therefore 



5/C 



I'^lrMKI «e""dx 
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H 



FlQ. 9 



Now 



f^' xe"dx = 2(^2^-^i^), 



therefore 



F A ij^rr/cosho sinh a \ 
Substitute the value of K given by equation (27) and 

For a given number of molecules AT, / is therefore a function solely of a, 
that is, of ff/r, in accordance with the results given by thermody- 
namics. 

The expression ( ■ i — -) vanishes with o, which is proportional 

to H^ and tends toward unity when a increases indefinitely, the intensity 
of magnetization approaching the maximum value Im^MH which cor- 
responds to saturation, that is, the condition when all the molecular 
magnets are oriented parallel to the magnetic field. 

The curve of magnetization of a magnetic gas at constant temper- 
ature ODE, Fig. 10, representing ///« as a function of a, that is, as a 
function of H, would be represented by the expression 

^/^-iSrf-i (28) 

= f{H/T). 

It is evident that the magnetic susceptibility will not be constant 
and / will be proportional to H only for values small compared with 
unity. 

Developing equation (28) in series we have 

I _ cosha _ 1_ 1 2 , , 4 . ^20^ 

/, sinhc o 3 90^^45.42 ^ ' 

Taking account only of the terms of the first degree with respect to a 

we find 

~ "3"^ Mr" T"" " 
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where 

, _ M^N 
SRT 
that is the paramagnetic susceptibility is inversely proportional to the 
absolute temperature, which agrees with the rule obtain^ experimental- 
ly by M. Curie. 

If all the molecules were oriented parallel to the field, that is if the 
body were magnetized to the point of saturation, the intensity of 
magnetization would be,. 

Combining this with the expression above, we get 

p being the pressure of the gas at which k is measured. 

Curie foimd for oxygen at the standard pressure 10* and at a temper- 
ature of (f C, 

Jb=1.43X10-^ 
per unit of volume. 

/m*=*X3p 

= 1.43X10-^X3X10« 
= 0.43 
whence 

/m = 0.66 
This would correspond for liquid oxygen, which is at least 500 times 
more dense than the gas, to a maximum magnetization. 

/«=325 
which is not very much smaller than that of iron. In fact, liquid oxygen 
possesses such intense magnetic properties that it forms a liquid bridge 
between the poles of an electromagnet. 

From the above, one is able to obtain the order of magnitude of the 
quantity a under ordinary experimental conditions. 

„^MH MNH IJI 
RT~ NRf^NRT 
But NR is the constant of a perfect gas for the unit of volume which is 
supposed to contain N molecules. Under the normal conditions for 
which Jm has been calculated, one will have 

NRT^p^Wc. g. B. units. 
Therefore 

a = 0.65 X Vy^H. 
For a field of 10,000 units a will be 0.0065, and one would still be 
near the origin of the curve of magnetization. Fig. 10, where the curve 
coincides with the straight line. In order to make a = 1, the region where 
the curve commences to leave the straight line, it would be necessary 
to have fields greater than 10*, which we are not able to produce. 

One sees then, in the ferromagnetic substances, the importance of 
the mutual actions between molecules which alone makes possible mag- 
netic saturation. For the same exterior fields, magnetic saturation is 
still far removed in the case of paramagnetic substances where mutual 
actions are not appreciable. 
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Fig. 10 



From this x)oint of view, Curie's comparison of the transitiqn be- 
tween paramagnetism and ferromagnetism to the transition between 
gaseous and liquid states where the mutual actions play an essential 
rdle, is perfectly justifiable. In the pure gaseous state, as in para- 
magnetism, each molecule reacts individually by its own kinetic energy 
against the exterior forces of pressure and magnetic field. 

10. Electronic Orbit. — If one assumes that the magnetic mojnent 
M of one oxygen molecule is due to only one electron of charge equal to 
that of the atom of hydrogen obtained in electrolysis, moving along a 
circular orbit whose radius, is equal to the radius of the molecule of air, 
1.5 X 10^ cm., one can calculate the velocity of the electron along the 
orbit. We have 

=a1 

T 

_ Tfr^ev 
2irr 
• _rev 



Also 



rv 



I^=MN=Ne'-^ 



But the product Ne is given by electrolysis, since e is the charge of the 
atom of hydrogen. Under normal conditions 

Ne = 1 .22 X 10^0 electrostatic units 
= 0.4 electromagnetic units. 

Therefore 



whence 



7-=: 0.65 = 0.4 ^-^^^^ 1; 



m 



t;=2X10* cm. per sec. 
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Suppose the revolving negative charge e, Fig. 11, to be attracted 
toward the center of its orbit by an equal positive charge. Then the 
centrifugal force equals the centripetal force, that is 

m^ss — 

r r* 

or 



p« = 



mr 
where e is measured in electrostatic units. 

6 = 4.65 X 10-" 



Therefore 

!;« = 



r = 1.5 X 10-«cm. 
m = 8.77 X 10-" trram. 

(4.65 X 10-")» 



8.77 X10-«X 1.5 X10-« 
= 1.6 X 10" 
or V —1.2 Xl(fi cm. per sec.f 

which is in accordance with the value found by the above method. 

It is a remarkable thing that the magnetic moment of the molecule 
of oxygen can be due to the revolution of a single electron. The same 
is probably true in the case of iron of which the maximum magnetisa- 
tion is, as we have seen, of the same order of magnitude as that of oxy- 
gen. The other electrons in the atom neutralize each other as in the 
purely diamagnetic body. 

The paramagnetic electron also probably plays a part in chemical 
actions, the number of electrons of a molecule acting being equal to the 
valence. Therefore, the paramagnetic properties of an element change 
with change of molecular combinations, while diamagnetism seems to be 
an internal and invariable property of the atom. 

11. Molecular Field of Ferromagnetic Substances. — Weiss Hypothe- 
sis: Each magnetic molecule in a ferromagnetic substance is subject to 
a uniform intrinsic magnetic field NI proportional to the intensity of 
magnetization I and acting in the same direction. This molecular mag- 
netic field is due to the action of the neighboring molecules. It may be 
called the internal magnetic field in comparison with the internal 
pressure of Von der Waal's equation. This field, added to the external 
field, accounts for the great intensity of magnetization of ferromagnetic 
bodies by means of the laws of paramagnetic bodies, in the same way 
as the internal pressure, added to the external pressure, accounts for 
the great density of the liquids by invoking the compressibility of the 
gas. 

This hypothesis has proved to be in agreement with experimental 
facts in a large number of cases. Among these cases may be named the 
properties of pyrrhotite, the heat developed when a substance passes 
from the paramagnetic to the ferromagnetic state and the law of temper- 
ature and intensity of magnetization of magnetite. The properties of 
hysteresis of iron can be given a theoretical interpretation and from H^ — 
NI, where N is a constant, I the intensity of magnetization and H^ the 
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intrinsic molecular field, can be calculated the absolute values of the 
elementary magnets and the fundamental quantities of nature. 




Fig. 11 

There are, however, exceptions to this h3rpothesis, such as the law 
of approach to saturation and many temperature variations of ferro- 
magnetism. Liquid oxygen does not follow the temperature law nor do 
iron and nickel at very low temperatures. Furthermore, when iron 
loses its magnetism we should expect that its volume would increase 
since the molecules lose their mutual actions and should go farther apart*. 
On the contrary, iron contracts in passing from the ferromagnetic to the 
paramagnetic state. Colby* has shown that, in the case of nickel, the 
coefficient of expansion decreases very decidedly as the metal passes 
through the critical temperature. 

II. Experimental Determination op the Magnetic Properties 

OF Crystals 

12. Pyrrhotite. — Pyrrhotite is one of the most simple of the crystal- 
line magnetic substances. It is composed of sulphur and iron in quanti- 
ties that are not perfectly constant; it also contains traces of nickel. 
Various authors have proposed the formula FeySs, FcgSj, etc., all of 
which can be expressed in the form, n (FeS) + FeSj. The color of 
pjrrrhotite varies from brown to dark bronze. 

Weissf has shown that, in the case of pjrrrhotite, if it be brought into 
a magnetic field in such a maimer that the plane of its hexagonal base 
is perpendicular to the lines of force, little or no attraction will be exerted 
on it, while there is a very strong attraction with it in any other position. 
From this we see that there is one direction in which the magnetization 
is practically impossible. However, pyrrhotite is strongly magnetized in 
a plane perpendicular to this direction. This last named plane is called 
the plane of magnetization. In this plane, which is parallel to the base, 
there are two directions at right angles to each other in which the mag- 
netization is different: (1) the direction of easy magnetization; (2) the 
direction of difficult magnetization. 

•W. F. Colby, Phys. Rev., Vol. XXX, No. 4, p. 606, 1910. 
tWeiss, Jour, de Phys., ser. 3, Vol. 8, p. 542, 1899. 
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13. Apparatus and Methods for Determining the Magnetic Properties 
of Pyrrhoiite. — ^Weiss, * in his experimental determination of the magnetic 
properties of pyrrhotite, used two methods: (1) the bdlistic method, 
in which a ballistic galvanometer was used to measure the quantity of 
electricity induced in a coil surrounding the sample by variations in 
the magnetic field; (2) a method in which he measured the couple pro- 
duced on the crystal by the field. 

The latter method is the more sensitive and 
permits of the examination of much smaller speci- 
mens. In this method a disk of pyrrhotite, P, 
Fig. 12, from 1 cm. to 2 cm. in diameter and 
about ^ mm. thick, is placed between the poles 
of a magnet of field strength H, and the magnetic 
properties of the crystal are studied with the disk 
in various positions. The intensity of magnetiza- 
tion is not necessarily in the direction of H, in 
fact, it is in this direction only in one position of 
the disk, i.e., when the direction in which the disk 
is most easily magnetized coincides with the di- 
rection of H, In general, the intensity of mag- 
netization makes an angle a with H. 

14. Component of Magnetization Perpendiadar 
j^^ -« to tte FicW.— Suppose the crystal is turned so that 

*^''- ^^ the elementary magnet, with center at 0, Fig. 13, 

makes an angle a with the direction of the field, H, 

Let N^ be the moment of the couple acting on the elementary mag- 
net. Then 

Nt^2lmH sin a 
^IjlH sin a 

where 21 is the length of the magnet, m its pole strength and m the mag- 
netic moment of the elementary magnet. 

/, the intensity of magnetization, is equal to n^t, where n is the num- 
ber of elementary magnets per unit volume. Therefore, 

N — nfiH sin a 
=/ H sin a 
where N is the moment of the couple acting on the crystal. 

Now, / sin a equals the component of the intensity of magnetization 
perpendicular to H. Therefore 

where C is the constant of the apparatus and a is the deflection of the 
mirror. If the magnet is mounted in a horizontal plane so that it can be 
turned about a vertical axis, the perpendicular component of the inten- 
sity of magnetization can be studied for various relative positions of the 
magnet and crystal. 



^WeiflSf Jour, de Phys., ser. 4, Vol. 4, p. 469, 190Q. 
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Weiss' results show that this is a periodic function which repeats 
itself every 180®. The curve shown in Fig. 14 represents the ideal curve 
obtained in this manner. In practice the curve is not smooth but has 
irregularities. 

mH 





H 
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15. Component of Ma^gnetization Parallel to the Field.— If the disk 
is now placed between the poles of the magnet in a vertical position 
(see dotted line of Fig. 12) so that the plane of the disk makes an angle 
of 3® or 4® with the direction of the field H, and so that it can turn about 
a horizontal axis, it will be in a position to study the component of the 
intensity of magnetization which is parallel to the field. 




Fig. 14 




•-H 



Fig. 15 

Resolve the intensity of magnetization into a horizontal and a 
vertical component (see Fig. 15). Let h be the horizontal component. 
If the disk is placed so that h makes an angle of 3® or 4® with the direc- 
tion of Hf Fig. 16, there will be a restoring force tending to turn the disk 
back into a plane parallel to the field H. This can be measured in a 
manner similar to that shown in Fig. 12. The restoring force is 

Hhainy^Cy' 
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where y' is the deflection of the mirror. Therefore, if 7 is kept constant 
the restoring force is proportional to I^- Now /j^cos 7, the component of 
In, parallel to the field, is very nearly equal to 7j^, since 7 is only 3° or 4°. 
Hence, if we turn the disk through 180°, we obtain the components of 
the intensity of magnetization /p, parallel to the field. 

The component of the intensity of magnetization parallel to the 
field may also be studied by the method of induction by use of a sole- 
noidal coil S, with a secondaiy S' inside. If the pyrrhotite disk d is 
thrust into the secondary with its plane parallel to the axis of the cylinder 
as shown in Fig. 17, there is a change of the flux through the secondary 
and hence a deflection of the ballistic galvanometer. The galvanometer 
will not be affected by the component of magnetization perpendicular 
to H, but only by that parallel to H, Therefore, by rotating the disk, 
one can study the relation between /p and the angle of rotation of the 
disk. Weiss, by direct experiment, obtained results which are shown in 
Fig. 18, in which the abscissas are the azimuths of a constant magnetic 
field. The ordinates of the upper curve are the components of the 
magnetization parallel to the field, whereas those of the lower curve are 
the components perpendicular to the field. The phenomenon repeats 
itself every 18(f . 

In order to interpret these curves, Weiss makes use of the following 
illustration. Suppose a magnetic field is made to turn in the plane of 
an elliptic plate of soft iron. At the axes the magnetization coincides 
with the direction of the field. The longer axis will have a maximum, 
the shorter axis a minimum of magnetization. For all other directions 
of the field, the magnetization will be more nearly that of the longer axis 
than of the field. With the continuous rotation of the magnetic field, 
the magnetization will turn more slowly than the field in the neighbor- 
hood of the long axis and more rapidly in the neighborhood of the short 
axis. If the ellipse is very elongated, the component of magnetization 
perpendicular to the field will pass almost instantly from a very large 
negative value to a very large positive value, as represented in Fig. 14, 
while the direction of the field changes from one side to the other of the 
short axis. The lower curve of Fig. 18 may evidently be obtained by 
the addition of three curves, similar to that of Fig. 14, displaced with 
respect to each other by 60° and 120°. 

From the above analogy, Weiss assumes that the complex structure 
of the crystal of pyrrhotite results from the juxtaposition of elementary 
crystals of which the magnetic planes are parallel and which possess each 
a direction of maximum and minimum magnetization at right angles to 
each other, and that these crystals are associated in the magnetic plane 
by the angles of 60°, or what amounts to the same thing, 120°. 

The amplitudes of the abrupt variations of the component of magnet- 
ization perpendicular to the field give the relative importance of the 
three components of magnetization due to superposition of the crystals. 
The angles of the upper curve of Fig. 18 correspond to the minima of 
the magnetization parallel to the field of each of the components. 
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Fig. 18 

16. The Molecular Magnets of Pyrrhotite. — In order to make a clear 
representation of the properties of a crystal of pyrrhotite, imagine that 
it be composed of rows of small needle magnets, equidistant from each 
other, pointing in the direction of easy magnetization Ox (Fig. 19), the 
axis Oy being the direction of difficult magnetization. Let the axis of 
rotation be perpendicular to the magnetic plane. Suppose that these 
magnets are small in comparison with the distances which separate them 
and strong enough to exercise on each other a directing action. Imag- 
ine moreover, that because of a compensation or of a greater distance, 
the rows do not affect one another. Left to themselves, the magnets 
of a row will adopt a position of equilibrium in which the north pole of 
each magnet will face the south pole of the following magnet. On this 
assumption, the substance would be saturated in the direction of easy 
magnetization Ox with little or no external field. Let a field H, making 
an angle a with the direction of the rows, act on the above system. The 
magnets will be deviated by an angle 0. As soon as the magnets are 
deviated from the direction Ox, there will be a force tending to restore 
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Fig. 19 

them to their original position. If there were only two magnets, this 
force would take the direction indicated by the dotted line (1) Fig. 20, 
but the combined effect of all the magnets will give the force a direction 
(2), which is more nearly that of Ox, Let us assume that this force 
makes an angle 4> with the direction Ox. The resultant action of the rows 
then exercises oneachsmallmagnet a magnetizing field A /i cos ^ in the 
direction Ox, and in the direction Oy, a demagnetizing field ^Bfi sin ^, 
where A and B are constants and where ti^^mliB the magnetic moment of 
an elementary magnet. Let H^ and Hy be the sum of the components 
of the forces acting in the x and y directions respectively. 



Hjc — H cos a + A fi cos ^ 
H„ = ff sin a — fi /i sin 



(30) 
(31) 




Fig. 20 

For the condition of equilibrium 

HgSm </> = //yCOs 

Therefore from (30) and (31) 

(H cos a + Afx cos <t>) sin = (// sin a — B/* cos ) cos (32) 

or, 

// sin ( o — ) = ( A + S) /4 sin cos (33) 
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Writing 

where iV is a constant and /^ the intensity of magnetization per unit 
volume, 

fl sin (a — ) = JV/,H sin 4> cos (34) 

Thus with the above assumptions we arrive at an expression which as 
will be shown later, is the expression for the law of magnetization of 
pyrrhotite determined experimentally. 

17. Weiss' Law of Magnetization of Pyrrhotite. — (a) Effect of 
Alternating Field. — It has been shown that the elementary magnets 
of pyrrhotite lie in the plane of the base of the crystal. The direction 
z is called the direction of easy magnetization; the perpendicular direc- 
tion y, that of the difficult magnetization. If H is in the direction of 
ea^y magnetization, saturation takes place from the beginning. If, in 
this case, the field is reversed in direction the hysteresis curve will run 
through a cycle which is rectangular in shape (see Fig. 21). When the 
field has acquired a certain value '^^ He, the elementary magnets become 
unstable and suddenly all of them swing around into the other position 
of equilibrium. Experiment gives very nearly a rectangle. 




Fig. 21 

(b) Effect of Rotating Field. — If a constant field is applied and 
rotated in the magnetic plane interesting phenomena present themselves. 
The elementary magnets have a tendency to remain in their original 
position so that when the field is rotated the direction of the intensity 
of magnetization turns slower than the field. If a field of 5,000 units 
acts in the direction Ox Fig. 22, and then rotates toward the direction 
Oy, the direction of the intensity of magnetization turns round much 
more slowly, and when J? is in the direction Oy, / the intensity of mag- 
netization, will be in the direction 01. Then when the field rotates a 
little farther, the magnets swing around very quickly so that, in the 
neighborhood of Oy, the rate of change of the direction of the intensity 
of magnetization is much greater than that of the field. Whatever 
the intensity of the field, the vector representing the intensity of mag- 
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netization falls within a circle C whose radius is equal to /«» the maximnni 
intensity of magnetization, which is the value obtained when the 
direction of the field coincides with the direction of easy magnetization. 
This circle is called the circle of saturation. 

When the field is relatively weak, say 1,000 units, the intensity of 
magnetization vector follows the circle of saturation for only a short 
distance after which it describes a chord parallel to Ox. When the 
field has a strength of 7,300 units, or more, we have saturation in every 
direction of the field and the intensity of magnetization vector follows 
more closely the circle of saturation C. 

Thus in order to turn and maintain the magnets in the direction of 
difficult magnetization Oy, it is necessary to apply in this direction a 
field of at least 7,300 units. 

While for saturation in the direction Ox little or no field is required, 
the field necessary to produce saturation in the direction Oy must have 
a rather high value. Furthermore the intensity of magnetization re- 
mains constantly in the plane Oxy^ the component of magnetization in 
the direction Oz perpendicular to this plane being very small in com- 
parison with the magnetization in the characteristic plane. Thus while 
the demagnetizing field in the direction Oy is 7,300 units, that in the 
direction Oz is 150,000 units, or about 20 times greater. 

Let a and ^ be the angles which H and / make with Ox (Fig. 23) : 
resolve H into components Ha directed along Oy and ff^ parallel to the 
intensity of magnetization. There is a constant ratio 

r^=iV (35) 

i sm 9 

between the components H^ of the field and the components of mag- 
netization in the direction Oy, This fact was established experimented- 
ly by Weiss, a straight line relation between Ha and / sin ^ being ob- 
tained. The value of the constant N^ for the sample that he used, was 
found to be 

i/_^^ 7300^^55^3 



/ sin 47 

Everything takes place as if there were acting 4n the direction Oy, a 
demagnetizing force due to the structure of the crystal, proportioned to 
the component of the intensity of magnetization in the direction of 
difficult magnetization Oy, and as if the remaining component of H were 
parallel to the direction of easy magnetization Ox, 
From Fig. 23 we see that 

i/, = Af/ = ^ = ^il!^i5Z^ (36) 

cos COS 

Substituting (36) in (35) gives, 

tf sin(a— 0) 

cos _ jy 

/ sin 4) 
or 

H sin (a— 0) = AT/ sin 4> cos (37) 
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This is the equation stating the law of magnetization of p3rrrhotite, and 
is the same as that obtained when considering an elliptic plate of soft 
iron in a rotating field (Equation 34). 

Ify starting from the direction Ox, a field of 7,300 units or less has 
been rotated to the position Oy^ the expression for the law of magnetiza- 
tion 

H sin (a— 0) =iV/ sin ^'cos'^ 

becomes 

H cos =iV/ sin cos 

since in this position a = 90**. 
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For saturation this equation becomes 

ff cos = JV/,n sin </» cos 
therefore 

sin"^= ^ 



m 



m 
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For the same field there is a second position of equilibrium 0^ Fig. 
24, symmetrical to the first with respect to Oy. One might imagine 
that a coercive force He directed along —Ox causes the various rows of 
the elementary magnets to turn from the first into the second position 
of equilibrium. This coercive force, in the case of pyrrhotite, is about 
15 units whereas the demagnetizing field, or the field necessary to make 
the elementary magnets stand at right angles to the direction of easy 
magnetization, is about 7,300 units. The relation between the two 
quantities has not yet been explained, but it has been suggested that it 
has to do with the disturbed region of the extremity of the rows. 




18. Magndizaiion in Different Directions. — Let us now consider 
the laws of magnetization in directions other than that of Ox and Oy. 
As stated above, when a magnetizing field is applied in the direction of 
easy magnetization, saturation takes place from the beginning. If we 
plot intensity of magnetization / againist field strength H, we will obtain 
the straight line AB (Fig. 25), parallel to the axis OH; that is, the inten- 
sity of magnetization remains the same whatever the value of the 
magnetizing field. Saturation occurs even without any external field. 

Now if we apply a magnetizing force in the direction Oy, we obtain, 
from the general law of magnetization of pyrrhotite 

H cos if> « NI sin 4> cos if> 



or 



whence 



ff=iV/8in* 



u 

y-=JV = constant 



This holds for fields below that necessary to produce saturation and is 
represented by the line OC Fig. 25. For fields equal to or greater than 
that necessary to produce saturation the curve is the same as for easy 
magnetization. Therefore the whole curve for the intensity of magneti- 
zation when the field is applied in the direction Oy is given by OCB Fig. 25. 

We have now to inquire what happens when the direction of the 
magnetizing field is intermediate between the direction Ox and Oy. We 
get different expressions for the law of magnetization depending on the 
way in which / is resolved. For a field of constant direction we may 
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take the component of the intensity of magnetization in the direction 
of the field. In this case (from Fig. 26) 

/*=/ cos (a-«) (38) 

In general 

H sin (a— 0) =iV/ sin cos ^ 
For saturation this equation becomes 

H sin (a— 0) =NI^ sin cos (39) 

and (38) becomes 

/*=/« cos (a-«) (40) 

Eliminating between (39) and (40) we find 

i^ "Nh cos 2a- ?sin 2a\/l\-PH 



N 



\//*.-/*i 




-X 



Fig. 26 



If Ik approaches 7^, the first term of the right side of the equation 
approaches oo ; in other words, if H becomes oo, I^ approaches /m. There- 
fore the curve between the intensity of magnetization Ikj and the 
magnetizing force H approaches the line of saturation AB Fig. 25 
asymptotically, and the law of magnetization for directions intermediate 
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between Ox and Oy is given by the curve ODE Fig. 25. It is ponible 

to explain all the ordinary curves of magnetization by a superposition 

of properties analogous to those of pyrrhotite in the direction of easy, 

difficult, and intermediate magnetization. 

As has already been shown, the relation 

H sin (a— 0) B NI sin0 cos^ 

deduced from the triangle OHE (Fig. 23), is the analytic expression of the 

law of magnetization. This expression multiplied by / gives the 

couple, or mechanical moment, exerted by the field on the substance. 

M^HI sin (a— ^) = NP sin ^ cos ^ 

2NP . 
= — s— sm^ cos^ 

NP 
= ^sin2* (41) 

This couple is a maximum when 

0=46* 
If we measure Af as a function of a, the angle of orientation of the 
field with respect to the substance, we shall find a couple which becomes 
constant as soon as the field is strong enough to bring about saturation 
of the intensity of magnetization after this vector / has described an 
arc of 45* or more along the circle of saturation. This has been very 
clearly demonstrated by Weiss* in which he obtains the following curves 
(Fig. 27) experimentall3\ In these curves the angles of rotation of 
the field i^itb respect to the substance are used as abscissas, and the 
couples, expressed in mm. divisions of the scale are used as ordinates. 
It will be noticed that the maxima for curves III, IV, and V are approxi- 
mately the same, notwithstanding the fact that the magnetizing fields 
in the three cases are widely different. In order to reduce these couples 
to their absolute values per unit of volume it is necessary to multiply 
by 950. 

NI * 

From equation (41), the value of the maximum couple is — ^. 

Taking 7^=47, one obtains from the mean of the three values of this 
couple a demagnetizing field, 

/f^=iV/^=7300 
which agrees with experimental determination. 

19. Hysteresis Phenomena. — (a) Alternating Hysteresis. — We have 
seen that when a field H ^ Ho= 15 gauss is applied parallel to the direc- 
tion of easy magnetization of pyrrhotite the elementary magnets turn 
completely over, yet it takes 7,300 gauss to make them stand at right 
angles to this direction. 

Weiss has shown that, if one considers the direction of easy magneti- 
zation in a substance that is infinite and without fractures, the intensity 
of magnetization would remain constant as the magnetizing field in- 
creases and, if the magnetizing force were to describe a cycle, the 
theoretical hysteresis loop would be a rectangle as indicated by the 



* Weiss, Jour, de Phys., ser. 4, Vol. 4, p. 469, 1005. 
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Fig. 27 

Curve I. H« 1992 gauss 

Curve II. H» 4000 gauss 

Curve III. H= 7310 gauss 

Curve IV. H = 10276 gauss 

Curve V. H = 1 1 140 gauss 




Fig. 28 
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dotted line in Fig. 28. The more uniform the magnetic material is, the 
less the experimental curve deviates from the theoretical curve. Weiss 
found that the distance between the ascending and descending branches 
of the experimental curve, measured parallel to the axis of abscissas, is 
approximately constant and equal to 30.8 gauss. Thus in order to move 
the vector of magnetization along the diameter of easy magnetization 
it is necessary to overcome a constant coercive field 

Hc=l5A gauss. 
The energy dissipated per cycle in the form of heat in a unit of 
volume is 

i?a=4HJ^= 4X15.4X47 
= 2900 ergs, 
(b) Rotating Hysteresis. — Excluding the direction of easy mag- 
netization, the knowledge of magnetization in the magnetic plane has 
been obtained by causing a field of constant magnitude to turn in this 
plane. From these experiments one can obtain information on the form 
of hysteresis that has been called rotating hysteresis as distinguished 
from alternating hysteresis which has been considered above. If we 
rotate the field from the direction of easy magnetization OX (Fig. 29) 
through the angle XOY, the vector of the intensity of magnetization 
describes the arc AB of the circle of saturation. Then, the field passing 
the direction of difficult magnetization OF, the vector of the intensity 
of magnetization describes quickly the chord BFD, after which it de- 
scribes the arc DE as the field describes the angle YO ( — X), 

Y 




Hysteresis occurs only in the direction of difficult magnetization OY 
when the molecules swing from one position of equilibrium into the 
other. In other words hysteresis accompanies the change of intensity 
of magnetization as the vector moves along BFD. When the magne- 
tizing field H reaches the value 7,300 gauss the intensity of magnetiza- 
tion / follows the circle of saturation and the rotating hysteresis dis- 
appears. It follows from this that the hysteresis area along the circle 
of saturation is equal to zero. In the curves of Fig. 30, taken from 
experimental results obtained by Weiss with a sample of pyrrhotite 
in a field of about 600 gauss, represents the region in the direction 
of easy magnetization and 90^ that in the direction of difficult magneti- 
zation. It is seen that the two curves coincide exactly for some distance 
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in the neighborhood of easy magnetization. In the neighborhood of the 
direction i»;Oy, marked by a, the two curves are distinctly different. 
The smaller the field with which one works the greater the divergence, 
but whatever be the field the curve corresponSng to rotation in one 
direction can be superimposed on the return curve by a horizontal 
displacement. 




Fig. 30 

20. Energy of Rotating Hysteresis, — So long as the intensity of 
magnetization I follows the curve of saturation there is no hysteresis 
loss. The loss takes place along SBS' Fig. 31. The force necessary 
to turn the elementary magnet over at S is less than at A. Call this 
force H^. Experiment has shown that 

17 17/ 

p=7%y^= Const. 
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Therefore the coercive force 

H',-:^(/.-/,). 



If 

and there is no hysteresis loss. 

Now the energy dissipated in an alternating hysteresis, that is a 
hysteresis along AD (Fig. 31), was found above to be equal to 4 /»ff«. 
The rotating hysteresis loss along SS' is 4 H'cBS. 

Now 

(BS)«=/'.-/%=/^(l--^) 

whence 



BS 



"--^■-(fc)' 



Therefore the energy dissipated in one rotating hysteresis cycle is 



=4/fA(l-^)\/l-(^)* (42) 

If 

/,=0 

this reduces to the value for alternating hysteresis. Since the demag- 
netizing force, if the substance is infinite and continuous, is 

ff*=2V7, 

Substituting this in equation (42) we have 



^,=4i/A{l-^)Vl-(^) 



The energy Ea, dissipated in alternating hysteresis remains constant, 
whereas that of rotating hysteresis decreases with increase of /y. This 
is shown graphically in Fig. 32 by the full line curve AB. The points 
(marked +) in the neighborhood of this curve are the results of 
measurements made by Weiss with a hysteresis-meter. They are 
subject to the correction —nly since in a finite sample as was used 
in the experiment 
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instead of 
where 






n= 



^H, 



in which ///is the component of magnetization parallel to /. 

21. Magnetic Properties of Hematiie. — The magnetic properties of 
the crystal hematite are similar in many ways to those of the crystal 
pyrrhotite except that they are less pronounced. As in pyrrhotite, the 
elementary magnets of hematite lie in the plane of the base and it is 
paramagnetic perpendicular to this plane. 

The crystal hematite has been studied by J. Kunz* and others. 
Eimz studied two distinct groups of crystals. The first group consisted 
of crystalline disks parallel to the base of the crystal. These crystals 
show a regular magnetic behavior and possess very small values of 
alternating and rotating hysteresis. The second group ccmsisted of 
crystab composed of elementary magnets inclined toward each other 
at an angle of 60°. They possess so large an hysteresis effect that in 
many instances this overshadows the intensity of magnetization. 
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It was foimd that the first group was not affected by temperature' 
that is while the intensity of magnetization decreased with increase of 
temperature, becoming zero at 645°, yet when the temperature was 
again decreased the intensity of magnetization returned to its original 
values. This is not the case with crystals of the second group, for after 
the crystal has been heated to 650° its intensity of magnetization does 
not return to its original value on its return to lower temperatures. 

The maximum value of the intensity of magnetization in the direc- 
tion of easy magnetization is reached much more quickly in the case 
of pyrrhotite than in the case of hematite. In the case of alternating 
and rotating hysteresis, the effect is very much the same in the two 
crystals. 



*J. Kunz, Archives des SoienoeB, Vol. XXIII, 1907. 
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22. Magnetic Properties of Magnetite. — Besides the ferromagnetic 
crystals pyrrhotite and hematite there is a third, magnetite, whose 
magnetic properties are similar in many ways to those of the other two. 
It is clasfflfi^ as belonging to the regular system of crystalsi but its 
magnetic properties indicate that it does not belong to this system. 
The magnetic properties of magnetite have been studied by Curie,* 
Weiss,t Quittnert and others, who found that they were more pro- 
nounced than those of hematite but less pronoimced than those of 
pyrrhotite. From about 535^ C. the temp^ture of magnetite trans- 
formation to 1375^ C. the temperature of fusion of magnetite Curie 
found that the intensity of magnetization is independent of the field 
and that it decreases very regularly with the increase of temperature. 
For a part of this temperature range Curie formulated the following 
law: ''The coefficient of magnetization of magnetite varies inversely 
as the absolute temperature between S5(f C. and 1360° C." 
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Weiss and Quittner found that the magnetic properties indicate that 
the crystals of magnetite do not belong to the regular system. This was 
shown by taking a plate of magnetite cut parallel to the surface of the 
cube and placing it in the magnetic field in a horizontal position and 
then rotating the magnetic field roimd about it. Plotting their results 
with the angles of rotation of the magnetic field as abscissas, and as 
ordinates the deflection of the suspension which is proportional to the 
intensity of magnetization in a direction perpendicular to the magnetic 
field, they obtained the curves of Fig. 33. Each of these curves is the 
mean of the two curves obtained by rotating the field from 0^ to 360° 
and then back to 0°. A portion of the two curves from wluch curve 
III is obtained is represented by the dotted lines. The area between 
the two curves is the hysteresis area of rotation. 

♦ P. Curie, Ann. de Chem., ser. 7, Vol. 5, p. 391, 1895. 
t P. Weiss, Archives des Seienoes, Vol. XXXI, 1911. 
t V. Quittner, Arohives des Science, Vol. XXVI, 1908. 
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If the symmetry were that of the cubic system the curve should 
show a period of Wf, thus forming between 0^ and 360^ four similar 
waves. Instead of this the figure shows only two identical waves 
between (f and 360** for H = 57.3 gauss. The symmetry is therefore 
not that of the cubic system. Now the geometrical properties of the 
crystal leucite are such that it is usually classed as an isomeric crystal, 
yet when it is investigated optically it is foimd to be isotropic. How- 
ever, as the temperature is raised, the optical properties also become 
those of the r^ular system. It would be interesting to see whether 
the properties of symmetry of magnetite, from the magnetic point of 
view, change with change of temperature. If according to its magnetic 
properties magnetite does not belong to the regular system, the question 
arises, to which system does it belong from a magnetic point of view? 

The curves of Fig. 33 show that the two principal axes situated in 
the plane of the cubic plate are not equivalent. It remains to be 
determined whether the third axis, perpendicular to the plane of the 
plate, is equivalent to either of the other two or whether it behaves 
dijBferently from the magnetic point of view. In the first case, we would 
have the symmetry of the quadric system, in the second, that of the 
othorombic system. Thus if the system is cubic, there should be 
between 0^ and 180^ three identical waves; if it is quadratic there 
should be two similar waves and a third which is different; and finally, 
for the symmetry of the othorombic system, the three waves should be 
different, with the possibility that one or even two of these waves may 
disappear completely. « Quittner in his researches found the three 
waves to be different and that their relative magnitudes depend on the 
magnitude of the magnetic field. We must conclude therefore, that 
magnetite, so far as its magnetic properties are concerned, possesses 
the symmetry of the othorombic system. 

In order to see the irregularities in the magnetic behavior of a 
crystal of magnetite and the dependence of the magnetic properties on 
the value of the magnetizing field, we need only to observe the curves, 
Fig. 34, obtained by Quittner with a plate cut from a crystal in such a 
way that its plane makes equal angles with the three axes. It will be 
noticed that for a field H = 167.2 gauss all three waves are practically 
equal; for a field H= 368.1 gauss there are only two waves which are 
greatly reduced and displaced, the third being barely visible. If the 
field is still increased one again finds, for H = 757 gauss, three well-de- 
fined waves which, however, are displaced by half a wave length. 

The theoretical interpretation of these very complicated phenomena 
is hardly possible in the present state of our knowledge, but the investi- 
gators of magnetite have proposed that the crystal is made up of equal 
parts of three elementary magnets whose magnetic planes are per- 
pendicular to each other, such as would be the case if it were possible 
to superimpose three plates of pyrrhotite cut parallel to the plane of 
easy magnetization in such a manner that their planes would be 
mutually perpendicular to each other. 
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III. Effect of Temperature upon the Magnetic Properties 

OF Bodies 
23. Method of Investigation Used by Curie. — Elsctensiye investiga- 
tions of the effect of temperature upon the magnetic properties of various 
substances have been made by Hopkinson,* Curie,t and others. Curie's 
method was to place the body to be tested in a non-uniform mi^^etic 
field and measure the resultant force of the magnetic actions by utilising 
the torsion of a wire. Let ABCD (Fig. 35) represent the horijsontiu 
arms of an electromagnet, and let the axes of these two arms form an 
angle with each other. The body to be investigated is placed at the 
point on the line Ox, which is the intersection of the horizontal plane 
passing through the axis of the arms of the electromagnet and the 
vertical plane of symmetry. When the electromagnet is excited, a 
force / of attraction or repidsion acts along Ox. Call H^ the intensity 
of the magnetic field at 0. This field is directed, by reason of sym- 
metry, along Oy perpendicular to Ox. Let / be the specific intensity of 
magnetization, that is the intensity of magnetization per unit mass, 
and m the mass of the body, then 

If diamagnetic or paramagnetic bodies are being studied the 
demagnetizing force arising from the magnetization of the body is 
insignificant, and if K is used to designate the coefficient of specific 
magnetization, there is obtained 

I^KH, 
and 

Now K for most diamagnetic and paramagnetic bodies is practical- 
ly constant and therefore / is proportional to H^ -^. For greatest sen- 
sitiveness the body should be placed at the point on Ox at which this 
product is maximum. Curie's method was to surround the sample 
under investigation by a vertical electric furnace so that it could be 
heated to any desired temperature. The sample itself was mounted 
on the end of a lever Im^ which was suspended by a torsion wire tm. 
This lever was connected to another lever mn so that any movement 
of the sample would be greatly magnified at the other end of the system. 
The whole movable system was suspended in such a maimer that any 
movement of the body, which was very small in the substances inves- 
tigated by Curie, would be along Ox. With his apparatus. Curie claimed 
to be able to measure movements of the object to 0.001 mm. As the 
body was heated to various temperatures, which could be determined 
by means of a thermocouple, the forces of attraction or repulsion could 
be determined from the movement of the levers and the constant of the 
apparatus. 



* Hopkinaon, Phil. Trans., p. 443, 1889. 

t P. Curie, Ann. de Chem., ser. 7, Vol. 5, p. 289, 1895. 
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24. Resvlis Obtained by Curie. — After a very extended study, 
covering a wide range of substances — diamagnetic, paramagnetic, 
and ferromagnetic — Curie came to the following conclusions: 

The coefficient of specific magnetization of diamagnetic bodies 
is independent of the intensity of the field, and as a general rule 
independent of the temperature. Antimony and bismuth are excep- 
tions to this rule. The coefficient of magnetization of these bodies 
diminishes with increase of temperature. For bismuth the law of 
variation is a linear one. The physical and chemical changes of state 
often have only a slight effect on the diamagnetic properties. This is 
true in the case of the fusion of white phosphorus at 44^, and in the 
various transformations which are undergone when sulphur is heated. 
However, this is not always the case; the coefficient of magnetization 
of white phosphorus experiences a considerable diminution when this 
body is transformed into red phosphorus, antimony deposited by 
electrolysis in the allotropic state is much less diamagnetic than the 
ordinary variety, and the coefficient of magnetization of bismuth be- 
comes, by fusion, twenty-five times more weak. 

Paramagnetic bodies have also a coefficient of magnetization in- 
dependent of the intensity of the field, but these bodies behave quite 
differently from the point of view of the changes produced by the change 
of temperature. The coefficient of specific magnetization varies simply 
in inverse ratio to the absolute temperature. 

The difference in the effect of temperature on the coefficient of 
magnetization of magnetic and diamagnetic bodies is very marked, which 
is in favor of the theories which attribute magnetism and diamagnetism 
to causes of a different nature. 

The properties of ferromagnetic and paramagnetic bodies are, on 
the contrary, intimately related. When a ferromagnetic body is heated 
it is transformed gradually and takes the properties of a paramagnetic 
body. The curve of Fig. 36 represents graphically the relation between 
temperature and intensity of magnetization I for a sample of iron 
subject to a magnetizing field of 1,300 units. In the region fi, which 
commences at 760° C and extends to 920° C, the coefficient of specific 
magnetization obeys exactly an h3rperbolic law up to 820°, after which it 
decreases more rapidly. Between 820° and 920°, at which point the 
7 state begins, it is probable that a gradual transformation takes place. 
In the 7 state the iron possesses a susceptibility inversely proportional 
to the absolute temperature, which is characteristic of paramagnetic 
bodies. At 1280° where the last change of state takes place the 
coefficient of specific magnetization increases rapidly in the ratio of 
2 to 3, after which it seems to take a variation in reverse ratio to the 
absolute temperature. 

25. ResvUa of du Bois and Honda. — H. du Bois and K. Honda* 
extended the investigations of Curie to a large number of elements 



* H. du Bois and K. Honda, Konink. Akad. Wetensch., AniBterdam, Proo. 12, pp. 
$96-602,1909-1910* 



WILLIAMS — ELECTRON THEORY OF MAGNETISM 



47 



(43 in all) and decided that Curie's conclusions do not admit of such 
extensive generalizations as have been given to them. They found that 
of the twenty or more diamagnetic elements examined there are only 
six which do not vary within the whole temperature range, and that 
during a change of physical state a discontinuity in the intensity of 
magnetization frequently occurs. This change may consist of a large 
or small break in the curve showing the relation between intensity of 
magnetization and temperature or of a rather sudden change in the 
shape of the curve. 




756" 820' 920' 



1280' 1365' 



Fig. 36 



Of the thermomagnetic examinations of polymorphous transforma- 
tions made by du Bois and Honda, the most remarkable properties 
are shown by tin. They found that if diamagnetic grey tin is slowly 
heated, at ZV the intensity of magnetization, which is negative, sudden- 
ly changes (like the density) and at 35^ passes through zero. Further 
heating continuously increases the magnetization until the value for 
paramagnetic tetragonal tin is reached at about 50^, after which it 
remains practically constant. 

26. Analogy Between the Manner in Which the Intensity of Magnetic 
zaiian of a Magnetic Body Increases under the Influence of Temperature 
and the Intensity of the Field, and the Manner in Which the Density of a 
Fluid Increases under the Influence of Temperature and Pressure. — There 
are many analogies between the function/ (J,H,T) — bs applied to a 
magnetic body and the function f {D, p, T)=0 bs applied to a fluid. 
The intensity of magnetization / corresponds to the density D, the 
intensity of the field H corresponds to the pressure p, and the absolute 
temperature T plays the same rdle in the two cases. For a paramag- 
netic body or a ferromagnetic body at a temperature above that 
of the transformation point, the relation is foimd 
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where A is a constant. Similarly for a fluid sufficiently removed from 
its temperature o( liquefaction one has the relation 

where p is ^^ constant. The law of the constancy of the intensity of 

magnetization when the field varies, and the inverse law of the absolute 
temperature for the coefficient of magnetization correspond respective- 
ly to the laws of Boyle and of Charles. 

The manner in which the intensity of magnetization as a function 
of the temperature varies in the neighborhood of the temperature of 
transformation, the field remaining constant, corresponds to the manner 
in which the density of the fluid as a function of the temperature varies 
in the neighborhood of the critical temperature, the pressure remaining 
constant. The analogy between 1=0 (T) and Z)=0 (T) correspond- 
ing to pressures above the critical pressures is shown graphically in 
Figs. 37 and 38. Although as Curie has shown the analogy seems to 
be almost perfect when the field strength in the one case and pressure 
in the other is kept constant, yet it has not been shown to hold in the 
case where temperature is kept constant in both phenomena. 



P = Constant 




H = Constant 




Fig. 37 



FiQ. 38 



In the case of magnetization if the temperature is kept constant 
and the field strength alternated a hysteresis loop is obtained when 
intensity of magnetization / is plotted against field strength H. That 
this is true in the case of a fluid when the temperature is kept constant 
and the relation between density and pressure plotted has not been 
shown. It is true that in the case of solids the phenomena of lag occurs 
with variation of density and pressure at constant temperature, and it 
may be true to a small degree in the case of liquids, but it is hard to 
conceive of it as being true in the case of gases. 

IV. Experimental Evidence in Favor of the Electron Theory 

OF Magnetism 

27. The Molecular Magnetic Field of Pyrrhotite. — Let us assume 
that we have two fields, H and H^, acting in a crystalline substance 
and that the crystalline structure possesses three rectangular planes of 
symmetry coincident with the planes of the system of codrdinates, and 
that each component of the molecular field is proportional to the corre- 
sponding component of the intensity of magnetization with a coefficient 
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Ni> Nt> iSTt for each axis. Then the molecular field H^ has, in general, 
not the direction of the intensity of magnetization except when the 
latter is directed along one of the axes. Thus the intensity of magnetiza- 
tion assumes of itself the direction of one of the axes. Ox, Oy, or Oz, Fig. 39, 
and this orientation will correspond to a stable equilibrium only for the 
axis Ox for which the coefficient Ni is the greatest. 




Fio. 39 

If an external field H is added to the molecular field the magnetiza- 
tion assumes the direction of the resultant magnetic field. Now 

H,+ H^^ H,+ Nil,, 
If the resultant Hr coincides with / in one direction, 

and if the magnetization takes place in a plane, say the xy plane, 

/x " /. 
Let a and 0, Fig. 40. be the angles which H and / make with the axis Ox. 




Fig. 40 
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Then 

H cosa + Nil coQ<^ _ H sing + NJ sin^ 
/ cos Jsin^ 

whence 

IH cosa sin0 + NiP cos0 sin0 » IH sina cos^ + N%P sin^ cos^ 
Transposing and simplifying, 

IH sin (ft-«) - (Ni-Ni) P sin^ cos0=O 
or 

H sin (a— 0) « (Ni—Nt) I sin^ co60 
Put 

and H sin (a— ^)»iV/ sin0 cos^ 

This equation expresses the law of magnetization of pyrrhotite, 
(see equation (37), page 9) as determined experimentally by Weiss. 
Therefore the above hypothesis accoimts for the experimental proper- 
ties of pyrrhotite in the xy plane. These properties are different from 
those in the xz plane only in the magnitude of the constant. 

The equation 

HI sin (a-0) = (Ni-Nt) P sin* cos* 
states that the couple HI sin (a—*) exerted by the external field on the 
intensity of magnetization is equal to the couple {Ni—Nt) P sin* cos*, 
which is due to the structure of the crystal and wUch would remain if 
the external field were suppressed. The latter couple tends to bring the 
elementary magnets back into the direction of easy magnetization. The 
position of equUibrium corresponding to the orientation of the magnets 
in the direction Ox is stable only when Ni> Nt> Nt. 

28. Variation of the Intensity of Magnetization of Magnetite with 
Temperature. — It has been shown, page 21, that 

/ ^co8ha_X (28) 

Im smh a a 

where 

«-w <«> 

In the case of ferromagnetic substances we have, in addition to the 
external field, an anterior or molecular field H^ which is due to the action 
of the molecules upon each other and which has been called by Weiss 
the ''intrinsic molecular field." Just as liquids can exist when the 
external pressure is zero, so ferromagnetic bodies can take a finite 
intensity of magnetization in the absence of exterior fidds. If the 
interior field acted alone the intensity of magnetization would be 
proportional to it and we would have 

H^^NI 
and equation (43) would become 

^ NMI 

or 

T 2^ 

MN 

where N is the factor of proportionality. 



(44) 
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This equation is represented in Fig. 41 by the straight line OA 
while equation (41) is represented by the curved line OB A. The in- 
tensity of magnetization being satisfied by equations (41) and (44), the 
points of intersection of the curve and the straight line give the values 
of /. One solution of these equations is 

7 = 

a = 
from which it follows that 




Fig. 41 



It can be shown, however, that only the point A represents a state of 
stable equilibrium of magnetization. For suppose that we were able 
to decrease the intensity of magnetization / (Urectly. For the same 
value of I and T, the value of a given by the straight line (namely ai) is 
larger than Oa given by the curve (See Fig. 41). ai is the value due to 
the molecular field which is much stronger than the external field whose 
action is represented by the curve and by 02. Now a decrease in the 
intensity of magnetization means that fewer elementary magnets 
have their magnetic axes pointing in the same direction. Referring 
to Fig. 20, it will be seen that if the molecular field or the field due to 
the action of one elementary magnet on another, is stronger than the 
external field H, equilibrium will be established only when the magnets 
have oriented themselves into a position such that the components 
of the moments of the two fields are the same, that is, when the intensity 
of magnetization has risen to the point A, On the other hand the 
point represents a value at ^hich the intensity of magnetization is 
zero, that is, where as many elementary magnets point in the direction 
of easy magnetization as in the opposite direction. A slight mechanical 
or magnetic disturbance will cause half of the elementcuy magnets to 
swing around into the direction of easy magnetization where they remain 
in stable equilibrium. Thus the point corresponds to unstable magne- 
tization and the point A to stable magnetization. 

As the paramagnetic susceptibility is very small enormous magnetic 
fields would be required to increase this spontaneous magnetization 
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which is due to the external field. Assuming the mechanical analogy 
of Weiss in which the increase in the density of a liquid requires external 
pressures that are incomparably greater than those by means of which 
the density of gas is changed, we arrive at the conclusion that for the 
absolute temperature T, the ordinate A' A represents the saturation 
value of the intensity of magnetization. According to tiiis a ferro- 
magnetic substance is saturated without the least external field. Though 
this inference, drawn from the theory, seems in contradiction to the 
larger niunber of experimental facts observed, yet it agrees perfectly 
with the phenomena of magnetization observed in crystals, and es- 
pecially in those of normal pyrrhotite. This crjrstal has the very val- 
uable property of a magnetic plane in which all the elementary magnets 
are situated. In this magnetic plane is a direction in which saturation 
takes place with very little or no external field, while a field of about 
7,300 units is required to bring about saturation in a perpendicular 
direction. The assmnption of a molecular field accoimts very satisfac- 
torily for the laws that govern the magnetization of the normal pyrrho- 
tite as a function of the external field. The intensity of magnetization 
as a function of the temperature is a very complicated phenomenon, 
varying from one substance to another, and also varying in the same 
substance with the magnetic field; therefore it appears doubtful whether 
the most simple hypothesis of the uniform molecular magnetic field wUl 
be able to account for all the observed phenomena. In the case of 
magnetite, however, Weiss has shown that the theoretical curve coin- 
cides with the experimental curve between the temperatures — 79* C. 
and -h 587^ C. On the assumption that a piece of ordinary iron is 
composed of small crystals having the property of a magnetic plane, 
Weiss has also shown that the hysteresis loops of annealed iron can be 
given a theoretical interpretation. 

In order to determine the absolute values of the internal magnetic 
field we have to examine the magnetic properties of the ferromagnetic 
substances in the neighborhood of the point where the spontsuaeous 
magnetization disappears. Thus iron loses its spontaneous magnetiza- 
tion at the temperature of 756^ C. Between this point and 920* C. 
iron has still a considerable susceptibility, the magnetism, however, 
appearing only under the combined action of the external and internal 
fields. In this region we have 

a^m^ (45) 

or 

T^M^Wm (46) 

where M is the resulting magnetic moment of each molecule and ff« 
the external field. Equation (29), page 21, gives 

I cosha 1 1^.2^,+ 4 ^5..... , 



I^ sinh a a 3 90 45.42 

As long as we consider only the beginning of the curve OB of Fig. 41 
whose tangent at the origin corresponds to the temperature G a756 + 
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273 » 1029y we may consider only the first term on the right-hand side 
of the last equation. Then 

///«=a/3 (47) 

Up to the temperature 9 we have spontaneous ferromagnetism where 
the eart^emal field H^ is negli^ble in comparison with NI the internal 
magnetic field, so that in equation (45), we may write 

MNI^a 



o = 



3/20 



whence 



Dividing (46) by (48) 



or from (47) 



Since 



this equation reduces to 



or 



e=^ (48) 

T ZH, 37 
T 3H, .. 

m ^ 

e 'NI 



(T-Q)!^^ (49) 

N 

This equation represents an equilateral hyperbola and allows us to 
determine the coefficient N. Weiss found for 

iron N » 3,850 /f« = 6,560,000 

nickel N = 12,700 H^, = 6,350,000 

magnetite N » 33,200 H^ » 14,300,000 

If the molecular magnets act upon one another with magnetic 
forces of this enormous amount, the potentiid energy due to the molec- 
ular magnetic field must have very large values. 

29. Specific Heai and Molecular Field of Ferromagnetic Svbstancee. — 
The mutual energy of a number of magnets of invariable magnetic 
moment M is 

W= -H2Mflcosa 

H being the field in which is placed one of the elementary magnets and 
which ^s due to all the other magnets and a being the angle between 
H and Af . When this summation is extended to tdl the elementary 
magnets contained in 1 cc. i? becomes the molecular field H^ and the 
int^isity of magnetization / is the geometric sum of the magnetic 
moments Af . The energy of magnetization per unit of volume is then 
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The molecular field is related to the intensity of magnetisation / by 

where iV is a constant coefficient. Therefore 

Since this energy is negative it is necessary to add energy in order to 
demagnetize. Thus the intensity of magnetization decreases continu- 
ously as the temperature increases from absolute zero to the tempera- 
ture 9 of the disappearance of spontaneous ferromagnetism. The 
total quantity of heat absorbed by the magnetic phenomena per unit 
of mass of the body, between the temperature where the intensity of 
magnetization is / and the temperature 9 is 

where J is the mechanical equivalent of the calorie and D is the density . 

The specific heat due to change in the intensity of magnetization is 
then 

doj^ 1 N dP 

'* di 2JI> di 
which must be added to the ordinary specific heat. According to 
Curie's experimental results /, the intensity of magnetization for 
iron at ordinary temperatures, is equal to 1700 and 

i\r = 3850. 
Therefore 

ff^=iV/ = 6,540,000. 

The energy of diamagnetization per unit mass is 

Tr=H Ar/»=70.6X10^ ergs. 
At 20** C. 

70.6X10^ lA Q 1 • 
5m = 4 19X10^ =10.8 calories. 

The following results for iron were obtained from Curie's experimental 
data. 

fC, I/DC.Q.S. q^cal. »m = -^ Inihelnierwd 

20 216.3 16.8 

275 207.5 15.5 .005 20^-275° 

477 189.6 12.9 .013 275* -47r 

601 164.0 9.7 .027 477^-601** 

688 127. 5.8 .045 601*^-688* 

720 100.7 3.6 .068 688^-720* 

740 64. 1.5 .108 720^-740* 

744.6 50.1 .9 .136 740^-744.6*' 

753 0. (by extrapolation) 

From this we see that at ordinary temperatures the specific heat is 
altered, due to the magnetic phenomena, by only a small amoimt, while 
in the neighborhood of 9, the temperature at which spontaneous mag- 
netization disappears, the effect amounts to 0.136, or about two fifths 
of the total value. 
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The results of Weiss and Beck * show a very mteresting relation 
between the variations of the ordinary specific heat and 

, -Alt 

as functions of the temperature. Their results are represented graph - 
ically in Fig. 42, curve A representing the relation between ordinary 
specific heat and temperature and curve B that between 8^, the specific 
heat due to magnetization, and temperature. The same close agree- 
ment has been found in the ferromagnetic substances, nickel and 
magnetite. 
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30. TAe Elementary Magnets of Iron^ Nickelj and Magnetite. — The 
electron theory of ferromagnetism gives us a means of determining 
the moment M of the molecular magnets of those substances whose 
internal magnetic field has been determined. Various methods may be 
appUed for this purpose, but the one used by J. Kunzf is probably the 
most simple. In his method Kunz makes use of the equation 

a^^ (50) 

where iV^ is a constant. For the absolute temperature 9, the tempera- 
ture at which the spontaneous ferromagnetism disappears, we have the 
relation 

///«=a/3 (51) 



• Weias and Beck, Jour, de Phys., ser. 4, Vol. 7, p. 249, 1908. 
t J. Kunz, Phye. Rev.. Vol. XXX, No. 3, March, 1910. 
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Substituting (51) in (50), we find 

^ MNI^a 

or 

''-mz : •; ^'^^ 

where 9 is the particular temperature considered. R is given by the 
equation of gases 

p--RNiT 
where 

p = 10.1X10« 

r«273 
iNri-2.7X10» 
Therefore 

iJ = 1.36X10-". 
/my the saturation value of the intensity of magnetization at the abso- 
lute zero of temperature, has to be determined from the above theory 
by means of the value /, the intensity of magnetization for the case of 
saturation at the temperature f. 

In the case of iron, we have from Curie's results, / « 1700 for 
ordinary temperatures and a field strength of 1300 units, and /« — 1950. 
Taking N = 3850, the value found by Weiss and Beck,* and 6 » 
756 + 273 = 1029, we find, by substitution in equation (50) 
M >■ 4.445 X 10"^ absolute electromagnetic units. 

Let Ni be the dumber of molecular magnets in unit volume at the 
absolute zero. Then we have 

iViM=/».= 1950 
or 

iVi= 4.386X10". 
If this number Ni of elementary magnets is at the same time the 
number of molecules of iron, and if the mass of one molecule of iron is 
equal to m> we have 

iVi;^=5=:7.36 
where 5 is the density of iron at the absolute zero. 

^^S/Ni-- 1.792 X 10-« grains 
Let us assume that the molecule of iron consists of two atoms, 
then it will be 111.8 times heavier than the atom of hydrogen, and the 
mass of the atom of hydrogen fjLn will be equal to 

1.792 X 10- " . ^^« ^ .^^ 
Hh- liis = ^'603 X 10-" grains 

Du Bois and Taylor Jonesf found the intensity of magnetization 
of iron continues to increase up to field strengths of 1500 units. At 
this value they found the value of / for ordinary temperatures to be 
1850. Substituting this value instead of 1700, the value obtained by 
Curie, we have 

M/f=1.66 X 10-" grams 



* WeiflB and Beck, Jour, de Phvs., Vol. 7, pp. 249, 1908. 

t Du Boia and Taylor Jones, Mektrot. Zeitschr., vol. 17, p. 544, 1896. 
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A recent value of this quantity has been determined by Rutherford 
by means of radioactive phenomena. He found 

/iH=1.61 X. 10-** grams 

The close check of the values for the mass of one atom of hydrogen 
deduced from so very different phenomena as those of radioactivity 
and ferromagnetism by considerations entirely different, is strong 
evidence in favor of the theories involved. It follows from the above 
that the molecular magnet of iron contains two atoms. 

In the case of magnetite, Fe^04, we find the following numbers: 

iV= 33,200 
/= 430 

/,.= 490 
5= 5.2 

According to Curie 

= 536 + 273 = 809. 
Using these values we find 

M = 2.02 X 10-». 
Now 

NiM = 7^ = 490 
therefore 

Ni = 2.42 X 10« 

If the mass of each molecule is equal to ^ we have 

iViM = 5.2 
whence 

Now 

therefore 



M = 2.15 X 10^. 
Fet04 =■ 231.7 

Mh = ^'^^i^^ = 0-93 X 10-« grams, 



a value that agrees pretty well with that obtained from other sources 
when we ti^e into consideration the comparatively small amount of 
work that has been done on magnetite. 

According to Weiss 

e = 689 + 273 = 862, 

instead of 809 as given above. Substituting this value for 6 we find 

Hb = 0.99 X 10-»* grams. 

In the case of nickel we have the following values: 

N= 12,700 
/= 500 
/«.= 570 
e= 376+273=649 
M = 3.65 X lO-" 
Ni= 1.56 X 10*» 
AT,^ = 5 = 8.8 

M = 5.63 X 10-" 
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The atomic weight of nickel is 5.87, hence, assuming that each molecular 
magnet contains two atoms, we find 

5.63X10-«^4g^jQ_^^ 



% = 



117.4 



a value that is just three times larger than that given by Rutherford. 
As the degree of accuracy is the same in the case of iron, nickel, and 
magnetite, the experimental evidence indicates that the molecular mag- 
net of nickel is made up of six atoms, or that the number of degrees of 
freedom is only one third as great as in the case of iron. In a recent 
investigation, Stifler* has determined the abov6 quantities for cobalt. 
He obtained the following values: 

N = 6,180 

/ = 1,310 

/« = 1,435 

e = 1,348 

M = 6.21 X 10-« 

ATi- 2.31.x 10« 
ATx/i = 5 = 8.77 
Ai = 3.8X10"« 

Since the atomic weight of cobalt is 59, we obtain, on the assumption 
that each molecular magnet contains two atoms, 

3.8 X 10-« 



H = 



118 



= 3.22X10-" 



a value that is just two times larger than Rutherford's value. If we 
apply the above reasoning we must conclude that the elementary 
magnet of cobalt is made up of four atoms. 

The quantities considered above are given in the following table: 
n is the number of atoms corresponding to one elementary magnet. 



■Substance 


/,= 20° 


1,950 
490 
570 

1,435 


e°c. 


N 


NI = H„ 


AfXlO" 


^hX10« 


n 


Fe 
Fe,04 

Ni 
Co 


1,700 
430 
500 

1,421 


756 

536 

376 

1,075 


3,850 
33,200 
12,700 

6,180 


6,540,000 

14,300,000 

6,350,000 

8,870,000 


4.445 
2.02 
3.65 
6.21 


1.603 
0.93 
4.8 
3.22 


2 

6 
4 



As the ratio of the density of nickel and iron, 1.12, is nearly equal 
to the ratio of the atomic weights, 1.05, of the two metals, the number 
of molecules per unit volume must be the same for both metals, assum- 
ing that each molecule contains two atoms. Since the moment of the 
molecular magnets of nickel is only about 18 per cent smaller than that 
of iron, we should expect that the intensity of magnetization of nickel 
would vary by about this amount from that of iron, while in reality the 
magnetization of iron is 3.4 times greater than that of nickel. Thb 
consideration indicates again, that either the molecular magnet of nickel 
contains six atoms or that only every third molecule is an elementary 
magnet. 



♦ W. W. Stifler, Phya. Rev., Vol. XXXIII, No. 4, p. 268, 1911. 
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This fundamental difference in the molecular magnets of iron and 
nickel must be taken into account when explaining some of the very 
interesting differences in the magnetic behavior of the two metals. 
Thus, the first layer of electrolytically deposited nickel is stronger 
magnetically than the subsequent layers, while for iron the opposite is 
true, that is, thin layers of iron are much less magnetic than thicker 
layers. In addition, a longitudinal compression decreases the magneti- 
zation of iron and increases that of nickel. In a recent article the 
author has shown * that the effect of transverse joints in nickel bars is 
to increase the magnetic induction rather than decrease Jt as in the case 
of iron. 




*— X 



Fio. 43 



31. The Hysteresis Loop of Iron. — Let us assume that the element- 
ary crystal of iron has properties analogous to those of the crystal 
of pyrrhotite and that the direction of easy magnetization is distributed 
uniformly throughout the volume. Working with weak fields let us 
first consider only the irreversible phenomena. When the substance 
is in the neutral state, the magnetization vectors of the different element- 
ary crystals will terminate on the surface of a sphere with uniform 
density. If the field H acting in the direction Ox, Fig. 43, exceeds the 
coercive field i/«, all the elementary magnets which were originally 
directed in the negative direction will swing round so that all the 
intensity of magnetization vectors will be contained in a cone having 
OH for its axis and of semiangle ^ which is given by 

cosfl>=' HJH. 

Each of the elementary magnets that swings around will contribute 
its moment Mi to the resulting intensity of magnetization in the direc- 
tion X. Now the number of vectors ending on the sphere is equal to 
N, the number of elementary crystals with a plane of magnetization, 



• E. H. Williams, Phys. Rev., Vol. XXXIII, No. 1, p. 59, 1911 
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and the number ending on the sone subtended by the angle ^ before 
the field is applied will be 

^lL^±±*N^N/2sin<t>d4^ 

The moment, due to these magnets, in the direction Ox is 

N 
M»^Mi coa4> -^ sin0 d4>. 

The moment due to all the magnets that swing round into the direction 
Ox is 



-H 



M 



-/*^- 



sin^ COS0 d^. 



MiN 



_itti 



sin*0 
--j^smV 



'A 



O H. 



Fig. 44 



H 



since the number originally in the positive direction is equal to the 
number that have been turned around, the resulting moment in the 
direction Ox will be 

A/ = 2~^sin«« 



Now 
therefore 



— 2" 8m'0 
COS0 = HJH 



M = ^ U-{HJHy^ (53) 

where M is the resultant magnetic moment per unit volume, that is, 
the intensity of magnetization /• 
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The graphic representation of the equation 

/./,/2 [l-iHJH)*] 



(64) 



... r.-|«. : - ■ 

iP'^' is ff^WFig. 44. This : 
..':.:*a^yip[t>t0feip ^ven by /=-r 



resembles an hjrperbola whose horizontal 
^ and whose vertical asymptote is ^ven 

:-.;*;. Ibi^ i? .=iJD.. If H is equal to He the intensity of magnetization 7 = 
V -.'^ 11^ 00, I = /«/2; But physically this must be the value of 

■ ';• ', ':'; satiiratibn 7,^ therefore we shall write 

■''^: ■" ■ ;^ ^ " * i^i^[i-{He/Hy] (55) 

. If we wete to draw the curve corresponding to this equation, we should 
V find a curve of exactly the same character as the previous one except 
that for a given value of H the ordinate 7 would be twice as large as 
> l>efore. 
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If (kie (^uB(e9 the field to oscillate between the value + E and — H, 
the ;0?apHGal representation of the curve of equation (55) will be given 
>y Fig. 46. When the field — 7f is applied, the figurative points will be 
collected -on the negative side of the sphere of Fig. 43. With the 
sample in this condition let us begin the description of a cycle, varying 
the field: from — 7f to increasing positive vcdues. The intensity of 
magn^^iattipii will change very Uttle so long as the field is less than 
+ E^^ , Atr 'this point it begins to change very rapidly and will describe 
a curve sijafnlar to the curves considered above. This curve with the 
portion of the strdght line already described will constitute half of a 
cycl0 correiq)pnding to a variation of the field from — TT to + H. The 
eyclip! is oopipleted, from symmetry, by returning to the origin. 



»». 
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Equation (55) assumes that the coefficients Nt and Nm of Fig. 39 
are zero. Now, in the case of iron, this is only approximately true. 
Making these corrections, the theoretical considerations give cycles 
which are shown in Fig. 46. The scale has been chosen so as to repro 
duce as nearly as possible the experimental curves of Fig. 47, which 
are taken from the results of Ewing."^ The similarity of the ascending 
and descending curves, more particularly the outer ones, is very marked. 

The principal differences to be noted between the experimental and 
theoretical curves are, first, that the upper limits of the cycles for 
medium fields fcdl more nearly on the outer cycle in the experimental 
than in the theoretical curves, and second, that for fields but slightly 
greater than H^ the theoretical curves are rectangular in shape while 
the experimental curves are not. 

32. Exceptions to the Electron Theory. — While the electron theory 
is capable of explaining many of the phenomena of magnetism, yet 
in its present form and present stage of development it is unable to ac- 
count for a large number of cases. 

Curie's rules, which are the basis of the present theory, hold rigidly 
for very few substances. Thus, according to these rules the diamagnetic 
susceptibility is independent of the temperature. However, there are 
substances whose diamagnetic susceptibility increases with increase of 
temperature, while in other substances the opposite is the case. Another 
of Curie's rules states that, for paramagnetic substances, the susceptibility 
is inversely proportional to the absolute temperature. While this holds for 
a very large number of substances, there are cases where the rule fails 
to represent the facts as determined by experiment. Recently H. 
Kamerling Onnes and A. Perrierf have shown that for several substances 
the law does not hold for very low temperatures. Some substances at 
temperatures below those at which Curie's c/T law is obeyed follow 

c_ 
more nearly a V7* law. None of the salts investigated by the above 

authors show signs of saturation phenomenon. Pyrrhotite, whose 
magnetic properties conform to the electron theory very closely up to 
9, the temperature of transformation, is very abnormal above this 
temperature. 

From his experimental results upon a limited number of substances. 
Curie comes to the conclusion that the paramagnetic susceptibility is 
independent of the state of aggregation of chemical combination of 
elements. Now oxygen and boron are paramagnetic, oxygen strongly 
so, yet the oxide of lx)ron is diamagnetic. Likewise AlsOs, M^O, MoO, 
ThO, UrO and other oxides are diamagnetic. 

The law of approach of the intensity of magnetization to the constant 
value of saturation holds only for cobalt and not for iron and nickel. 



* Ewing, Ma^etic Induction, 3rd. Ekl., p. 106, Fig. 50. 

t H. Kamerling Onnes and A. Peirier, Konink. Akad. Wetensch., Amsterdam 
Proc. 14, p. 115, 1911. 
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The large number of exceptions to the electron theory in its present 
form requires either that it be abandoned or that the theory be modi- 
fied to fit more exactly experimental results. The fact that it agrees 
in such a large number of cases with experiment and that, by its applica- 
tion, the fundamental quantities of nature can be obtained in such close 
agreement with observation, ^ves hope that ultimately the present 
theory will be modified so that it will hold universally. 
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